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ABSTRACT 
Desalination is a viable solution to meet water scarcity but is regarded as cost-intensive. The 
reverse osmosis (RO) technique of desalination is commonly used for its cost-effectiveness as 
compared to other methods but still considered energy-intensive. Conventional fossil energy 
sources emit carbon gas, which has environmental and cost implications, while renewable energy 
sources are limited by intermittency. This study formulates mathematical optimization models 
used to determine the optimal energy mix to power a reverse osmosis desalination unit. The models 
are formulated to ensure balance between power supply and demand, water demand and water 
produced, cost functions, and a time-of-use demand response (TOU DR) program. The cost 
functions include carbon emission cost, DR cost and components cost. The objective of The 
optimization models is to minimize the annualized cost of system (ACS), levelized cost of energy 
(LCOE), unit cost of water (COW) and carbon emissions, while maximizing the quantity of 
freshwater production subject to different economic and system reliability constraints. 
The first model has an energy mix of grid power, a diesel generator and a photovoltaic (PV) module 
to supply an RO desalination unit with the objective of maximizing freshwater production at 
minimal cost. Also considered is the impact of DR and its cost on the quantity of water produced 
at different hours of the day, and the unit cost of freshwater. Three cases of optimal sizing 
approaches were compared. Case 1 is a system with only grid power and a diesel generator as 
energy sources; Case 2 has PV power incorporated in the energy supply mix, while Case 3 has the 
three energy sources and a TOU DR program on the demand side.  The result shows that Case 3 
turns out the highest freshwater production (1 520 m3/day) at low cost of (1.33 $/m3) when 
compared to Case 1 with daily freshwater production of 1 250 m3/day at a unit cost of 1.54 $/m3 
and Case 2 with daily freshwater production of 1 501 m3/day at a unit cost of 1.28 $/m3. 
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The second model is implemented on three similar case scenarios as the first, with the introduction 
of carbon emission cost. The techno-economic analysis of the three cases was performed 
considering the economic impact of carbon emission and the results were compared. The results 
show that Case 3 offers a very significant improvement on the reduction of carbon emission with 
a value of 751 766 kgCO2-e and 648 315 kgCO2-e with the introduction of a DR program and also 
has the lowest ACS ($1 158 801 with TOU DR).  The result of sensitivity analysis shows the 
impact of increasing the carbon tax rate on the LCOE and COW; again, Case 3 proves to be less 
affected, as its proportional cost variation is significantly less than that of Case 1 and Case 2. 
The third model explores the integration of RO, electro-dialysis (ED) and crystallization methods 
with the objective of minimizing the LCOE and brine production while maximizing freshwater 
and salt production. The proposed design is such that the feed water (saline water) is passed 
through the RO unit for desalination; the brine produced from the RO unit is further desalinated 
by the ED method, leaving a very high concentrate to be crystallized into soluble salts, thereby 
achieving zero brine production. Furthermore, for energy-efficient management, optimal sizing of 
energy sources, which include grid power, wind power and solar power, was carried out 
considering mitigation of carbon emission and its cost and the intermittent limitation of the 
renewable energy sources. This integrated design ensures that the internal and external costs of 
desalination are evaluated and minimized. 
Finally, a comparison of results from the three models and sensitivity analyses were performed. 
Model 3 proved to be a more promising approach to solving the freshwater scarcity problem at a 
low cost and in an environmentally friendly way. 
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There is water everywhere, yet not enough water to drink, just as there are different sources of 
energy everywhere, yet not enough energy to power the world! 
Energy and water are both essential commodities, vital for continuous human existence. Copious 
as the amounts in which they are to be found are, the amount available for use is inadequate. The 
earth sits on water, as it is estimated that two-thirds of the earth is covered by water, yet only 1% 
is suitable for domestic and industrial purposes [1]. At present, one-fifth of the world’s population 
experience a water scarcity crisis [2]. One-fourth of the world’s population have access to water 
sources but lack adequate purification facilities [2]. According to the United Nations World 
Assessment Program (UNESCO, Paris 2015) [3], up to 40% of the world’s population will be 
affected by water scarcity by 2030. The major causes of inadequate freshwater resources are 
climate change and pollution [4]. With 97% of the total available water resources being saline 
water, the obvious solution for obtaining sustainable freshwater is via desalination and water reuse 
technologies [4] and [5].  
In simple terms, desalination is a purification process for obtaining fresh or potable water from 
available saline (seawater or brackish) water. Desalination systems over the years have 
experienced constant advancement, leading to the availability of different methods, which can be 
classified as either membrane methods or thermal processes. Membrane desalination methods use 
membranes with unique chemical and physical properties, such as ion adsorption and desorption, 
ion selectivity and semi-permeability in methods such as capacitive deionization (CDI), electro-
dialysis (ED) and reverse osmosis (RO) respectively [1]. Other membrane methods include 
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electro-dialysis reversal (EDR) and membrane distillation (MD). On the other hand, thermal 
desalination processes are based on change of state methods, such as humidification 
dehumidification (HDH), multi-stage flash distillation (MSF), vapor compressor distillation 
(VCD) and multi-effect distillation (MED). RO, MSF and MED are the most frequently used 
methods among the various desalination methods, with RO accounting for 65%, MSF for 21%, 
MED for 7%, ED for 3% and the others for 4% of global production capacity [1]. 
Considering the world’s energy state, it is estimated that 18% of the global population lacks access 
to electricity [6]; [7]; [8]. According to the International Energy Agency, electricity statistics show 
that the global total electricity consumption as at 2016 amounted to 20 863 TWh and was then 
expected to increase by at least 3.2% annually, judging by the increment the previous year (2015). 
Of this figure, coal accounted for the highest supply with 38.3%, followed by natural gas with 
23.1%, hydropower with 16.6% and nuclear power with 10.4%, while solar/wind/geothermal/tide 
supplied 5.6%, oil 3.7% and biofuel and waste 2.3% [9]. Of the total energy supply mix, only 
34.9% was renewable, with hydropower having the highest percentage. Coal, which currently 
accounts for the highest percentage of the entire global energy supply mix, emits about twice as 
much CO2 per generated kWh as natural gas, making both (coal and natural gas) major contributors 
to global warming [9]. 
Furthermore, usage statistics of generated electricity shows that about 40% is used for domestic 
purposes, 47% for industrial purposes and 13% is lost during power transmission [9]. Conventional 
energy sources from fossil fuel have negative impacts on the environment, causing greenhouse gas 
(GHG) emissions and pollution, leaving renewable energy sources (RES) as viable option for 
consideration [10] and [11]. RES on their part have considerable limitations, such as inconsistent 
solar irradiation and intermittent wind speed; these are usually addressed by hybridization. 
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The energy-water nexus concept describes the interconnection between both resources with the 
aim of maximizing synergy and addressing trade-offs between the two [12]. This concept has 
gained significant prominence in recent times owing to the overt importance of the two 
commodities (energy and water) to the human populace. As the population of the world continues 
to grow, the need and demand for both energy and freshwater continue to increase exponentially, 
putting pressure on the existing infrastructure designed for the supply of energy and freshwater 
[13]. Research in this area has also increased over the years, proffering solutions to different 
problems associated with the energy-water nexus. While the negative environmental impact of 
fossil power energy sources can be mitigated to a vast extent by the alternative use of RES that 
provide green energy without gas emissions and hence are more environmentally friendly, the 
problem of inadequate freshwater for human consumption has led to the advancement of water 
desalination systems as possible solutions. The trade-off between the integration of the two (energy 
and water) gives room for wide research. Authors [14] present a reference system architecture for 
an energy-water nexus detailing subsystem configurations. It also details different drivers on which 
the trend in the nexus studies has been based. These factors include, i) Increase in demand for both 
resources as a result of population growth; ii) Economic growth resulting in per capita growth; iii) 
Degradation of available freshwater due to climate change and concern for negative environmental 
factors, and iv) Electricity-intensive water and water-intensive electricity cum ageing 
infrastructure. These factors exert strain on the energy-water nexus. 
1.2 Problem Statement 
Continuous growth in population, constant water pollution and other water stress have made 
freshwater scarcity a major problem around the world [15]. Treatments such as water reuse and 
seawater desalination have become prominent in recent years owing to the abundant availability 
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of seawater around the world [16]. Desalination is a viable solution to meet water scarcity but is 
considered cost-intensive. The RO technique of desalination is commonly used because of its cost-
effectiveness but is energy-intensive. Conventional fossil energy sources emit carbon gas, which 
has environmental and cost implications, while RES are limited by intermittency. Moreover, the 
byproduct of desalination is high concentration of salts (brine), which if indiscriminately disposed 
of has environmental consequences, hence necessitates proper management.  The cost implications 
of emitted carbon gas and brine management are regarded as the external costs of desalination 
[17]. 
1.3 Aim and Objectives of Study 
The aim of this study is to develop mathematical models suitable for an optimal energy schedule 
for a cost-effective desalination system with the following objectives: 
 To present a mathematical model of an optimal energy mix that includes a demand 
response (DR) program for an efficient energy schedule to power an RO desalination unit at 
minimal levelized cost of energy (LCOE). 
 To develop a mathematical optimization model that enhances effective techno-economic 
analysis of a RES-powered RO desalination system considering carbon emission and its cost while 
maximizing freshwater production. 
 To design a techno-economic optimization model of a combined desalination and brine 
treatment unit for freshwater production and brine management. 
1.4 Significance of Study 
Energy and water are both essential commodities, vital for continuous human existence. The 
inadequacy, limitations and cost of these commodities are serious challenges that require critical 
solutions. This study presents mathematical optimization models that can be used to manage the 
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techno-economic effect of the integrated system effectively. The designed models are intended to 
minimize cost, complement technical and natural limitations and reduce negative environmental 
outcomes while increasing the availability of freshwater for both domestic and industrial use. 
1.5 Research Methodology    
This thesis uses a classical optimization approach to model different techno-economic 
optimization problems that consider economic factors such as components cost, the effect of a 
time-of-use (TOU) DR program and its cost, environmental factors such as carbon emission and 
its cost, and brine management.  The metrological data from Stellenbosch University, Western 
Cape province of South Africa is used. The hourly solar irradiation and wind speed for the area 
were collected from the Southern African Universities Radiometric Network. Furthermore, the 
TOU energy price (in US $) for South Africa obtained from the Eskom schedule of standard prices 
for Eskom tariffs 2019/2020 [18] is implemented for the DR program. Other data used as 
parameters were those given  in [19] and [20]. The multi-objective optimization problems 
formulated were solved with the CPLEX 12.10 solver of the Advanced Interactive 
Multidimensional Modelling Software (AIMMS). 
1.6 Delimitation of Study 
The focus of this study is the integration of grid and RES to power RO desalination systems 
considering TOU DR and environmental factors such as carbon emission and brine production. 
The study could not take into account all carbon emissions from the production of components to 
the production of freshwater and salt; only carbon emitted from the energy sources and cost 
implications were considered. The detailed production processes of the desalination and brine 
treatment are also beyond the scope of this study. Water storage, the transportation network and 
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cost are not considered, only the LCOE and unit cost of production. Furthermore, the treatment 
and economic value of salt produced are beyond the scope of this study; the study’s focus is limited 
to the techno-economic analysis of freshwater production and brine management. 
1.7 Organization of Work 
The remainder of this thesis is organized such that: 
Chapter 2 reports an extensive review of literature highlighting the different methods of 
desalination, the renewable energy sources considered to power desalination systems and the 
optimization approaches utilized for techno-economic analyses of desalination systems powered 
by renewable energy sources. 
Chapter 3 presents a mathematical model to determine optimal energy mix for a reverse osmosis 
desalination unit considering demand response. 
A techno-economic evaluation of reverse osmosis desalination system considering emission cost 
and demand response is detailed in Chapter 4. 
Chapter 5 presents an optimal design and techno-economic evaluation of a renewable energy 
powered combined reverse osmosis desalination and brine treatment unit. 
In Chapter 6, a comparison of results from the three models of Chapters 3, 4 and 5 and sensitivity 
analyses from models 2 and 3 are reported. 
Chapter 7 concludes the study highlighting its contributions to knowledge and recommendation 
for future work. 
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CHAPTER 2 
REVIEW OF LITERATURE 
 2.1 Desalination: Overview, Methods and Configurations 
Desalination is a purification process of obtaining fresh or potable water from abundantly available 
saline (seawater or brackish) water. The desalination system has over the years experienced 
constant advancement, leading to the availability of different methods, which can be classified into 
two [1]: The membrane method and the thermal process. Figure 2.1 explicitly depicts the 
classification of the desalination process and various techniques.
 
Fig. 2.1. Classification of major desalination methods 
The operational principles of different desalination methods are presented 
in the following subsections. 
2.1.1 Humidification Dehumidification Method of Desalination 
The HDH desalination method is based on the principle of evaporation and condensation, as 
happens in a natural water cycle [21]. Saline water is heated, and the humidity of the ambient air 
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designed temperature specification, leading to the evaporation of water [22]. The air, by its 
increase in humidity, becomes the carrier of water from the humidifier to the dehumidifier, where 
the condenser is used to reduce the air temperature and consequently condense freshwater [23]. 
HDH is classified based on the cycle configuration as close-air open-water , close-water open-air  
and open-air open-water  [24]. It could also be air-heated or water-heated [22]; [25]. This method 
of desalination requires relatively cheap materials for its simple arrangement and can use low-
grade thermal energy to reduce the carbon footprint [22]. Its main limitation is the higher 
requirement for thermal energy per unit volume of freshwater produced compared to other 
desalination methods such as MED and MSF. The challenge of scaling up the energy requirement 
is another limitation [22]; [25]. Some improved HDH configurations have been proposed that are 
aimed at the reduction of specific energy consumption (SEC) as a result of air circulation carrying 
evaporated water or vapor from the humidifier to the dehumidifier. The multiple effect 
humidification method using innovative geometry was proposed by Muller-Hoist [26]; [27]. This 
configuration reduces and maintains the energy requirement at a deficient level by inserting 
parallel plates as high-performing film condensers, which enhances continuous temperature 
distribution and natural air circulation. Authors [21] present the inclusion of absorption beds to 
improve the close-water open-air cycle configuration of HDH to HDH adsorption (HDHA) 
configuration. This configuration allows the saturated air at the lowest temperature to be sent for 
dehydration in the absorption beds where the humidity is reduced by absorption and the dry air is 
sent to the humidifier. The drying of the saturated air at the bottom gives room to produce more 
distillate per cycle. Authors [28] develop an HDH cycle configuration model based on the first 
principle of thermodynamics, demonstrating heat and mass transfer in the HDH heat pump cycle. 
A heat pump is used as a source of heating and cooling for the HDH system to improve the output 
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ratio and energy recovery of the system. Figure 2.2 presents a schematic diagram of a combined 
water-heated close-air open-water HDH cycle and heat pump, where a, w and r represent air, water 
and refrigerant respectively, while 1, 2, 3 … are state points. 
Fig. 2.2 Schematic diagram of a combined water-heated, close-air open-water Humidification 
dehumidification  cycle and heat pump [28] 
2.1.2 Multi-stage Flash Desalination Method 
MSF plants are designed to have three sections: the brine heater, the heat rejection section and the 
heat recovery section. Desalination via MSF involves brine heating, flash distillation in multiple 
stages and finally, heat recovery [29]. Authors [30] explain that the hot brine is supplied to a liquid 
pool, where evaporation takes place. The vapor flashes from the pool towards the tube bundles and 
condenses on the surface because the tube’s surface has a lower temperature than the vapor. The 
condensed vapor is collected as freshwater, while the hot brine flows into other stages. During this 
process, the condenser tubes circulate low-temperature seawater (brine) for the absorption of latent 
heat from vapor generated by the high-temperature brine pool. The heat recovery process 
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commences as the absorbed latent heat partially heats the circulating low-temperature brine, 
thereby saving energy and enhancing the system’s performance. MSF has different design 
configurations, which are brine recirculation (MSF-BR), a once-through (MSF-OT) configuration 
and simple mixer (MSF-M); of these configurations, MSF-BR is the most efficient while MSF-
OT has the simplest design [27]. Several studies have investigated the optimization of these MSF 
configurations. Authors [31], [32] and [33] detail the application of MSF-BR, [34] considers MSF-
M, while MSF-OT is presented in [35]. A method of improvement of corrosion resistance in MSF 
desalination plants during an acid cleaning operation by cationic surfactant was presented in [36], 
whereas [37] examined the environmental and human health impact of different MSF plants using 
a life cycle assessment. Figure 2.3 depicts a general MSF process. 
 
Fig. 2.3 Schematic representation of general Multi-stage flash desalination process. [38] 
2.1.3 Vapor Compressor Distillation Method of Desalination 
The VCD method is also frequently studied as a mechanical vapor compression/recompression 
(MVC/MVR) technology for water desalination [37]; [39]. This method of desalination does not 
depend on external sources of heat like other methods of desalination; it rather generates heat from 
Page | 11 
the compressor [40]; [41]. The working principle of VCD is that free resulting vapor from boiling 
saline water in the evaporator is compressed by an external mechanical compressor. Then, the 
compressed hot water vapor is channeled back into the evaporator where it is condensed outside 
the evaporator tubes as freshwater, leaving behind hot brine water and heat energy from the steam 
of distilled to boil the saline water [39]. The main configurations of the water vapor compressor 
include the twin-screw version discussed in [41]; [42], centrifugal [43]; [44], single-screw [45] 
and roots compressor versions [46]. Several studies done to analyze the operating performance of 
the VCD method used the thermodynamic behavior of the system [47]; [48]; [49]. Thermo-
economic analysis of single-effect and forward-feed  multi-effect mechanical vapor compression 
desalination is presented by references [50] and [51] respectively, whereas [52] considered the 
performance of MVC driven by an organic Rankine cycle (ORC). A study on a zero-emission 
system was done based on MVC by [53]. Figure 2.4 represents the schematic diagram of 
VCD/MVC. 
2.1.4 Multi-effect Distillation   
MED plants are designed with multiple airtight effects. A sequence of constant 
evaporation/condensation takes place at every effect in descending order of pressure and 
temperature. The external heat supplied boils the feed water as it enters the first effect, which has 
the highest pressure. The vapor generated inside the first effect is used as the energy source for the 
next effect and this continues successively along the series of effects. Therefore, on one side, the 
feed water is boiling and generating vapor, while on the other side, vapor is condensing as 
freshwater [54]. There are many configurations of MED based on an external heat source, 
hybridization with other methods, and a design arrangement of tubes: vertical and horizontal tubes 
[36]. Figure 2.5 depicts a schematic diagram of MED. In [55] MED is classified into four 
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configurations based on the feed water concentration supplied to the evaporators and the direction 
of flow of the vapor. These configurations are back-feed, parallel feed, Forward-Feed and 
parallel/cross-feed (PCF). These configurations were compared using the transient performance 
index of the MED system. It was concluded that PCF responds faster to applied disturbances than 
the others.
 
Fig. 2.4 Schematic diagram of Vapor compressor distillation/Mechanical vapor compression [38] 
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Fig. 2.5 Schematic diagram of Multi-effect distillation [38] 
2.1.5 Electro-dialysis and Electro-dialysis Reversal Desalination Methods 
ED is similar in principle to electrolysis except that in ED, different compartments are used for the 
positive and negative electrodes, unlike electrolysis where both electrodes are in the same 
compartment. Therefore, on this basis, the ED method of desalination implies that direct current 
from the external source is supplied through the electrodes in a solution of saline water containing 
ion-selective membranes, which are connected in parallel to form channels. As the electrodes are 
charged, the negative salt ions move through the anion permeable membrane towards the anode, 
whereas the positive salt ions move the other way through the cation permeable membrane to the 
cathode. These movements of ions create channels for concentrated brine leaving behind 
freshwater [36] and [56]. The continual use of membranes in the same direction leads to 
accumulation of precipitant on the concentrated side. EDR provides a solution to this by 
periodically alternating the polarity of the electrodes, reversing the flow of ions, therefore cleaning 
up both sides of the membrane and thus increasing its life span [36]. Figure 2.6 depicts the ED 
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desalination process schematically. The limitations of ED, such as the high cost of electrodes and 
membranes, short life span of membranes and need for high saline water recirculation to obtain 
the required freshwater, have led to limited interest and research in this method of desalination 
[57]; [58]. Authors [59] present an extensive study of the ED method of desalination, highlighting 
recent development and applications, one of which is reverse ED (RED). RED is used for energy 
generation from salinity gradients. This employs controlled mixing of two solutions of different 
salinity concentration, with the difference converted into electricity. This has sparked the 
development of new designs and new membranes with an optimized process for plant 
configuration suitable for operational processing of seawater with high salinity [60], [61] and [62].  
 
Fig. 2.6 Schematic of Electro-dialysis desalination process [38]. 
2.1.6 Capacitive Deionization Method 
CDI is very similar to ED, as both involve the removal of salt ions from saline water, leaving 
freshwater. While in ED the ion-selective membrane is used as a channel for the removal of salt 
ions, CDI deploys carbon-coated electrodes as channel for the adsorption of salt ions [63]; [64]; 
[65]. Membrane capacitive deionization (MCDI), as an improved ED, on the other hand, employs 
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an ion exchange membrane for the separation of negative and positive ions before they are attracted 
towards the electrode with opposite polarity, which acts as the channel for adsorption [66]; [67]; 
[68]. The CDI process is such that when electrical potential is applied between the electrodes from 
an external source, salt ions are adsorbed by the surface of the charged electrodes from the feed 
solution, leaving behind freshwater. The electrodes, at some point, become saturated and then 
regenerated by reversing the electric potentials, thus desorbing ions back into the solution, 
producing brine [61]. The CDI can be designed with either a unipolar or bipolar configuration of 
electrodes. A comparison between the two connections is yet to be extensively reported in the 
context of desalination [69]; [70]; [71]. CDI requires only little maintenance compared to other 
methods of desalination. It does not require the use of chemicals or a pressure pump. Electrodes 
are stable and less fouled compared to membranes. Moreover, it has a high energy recovery rate, 
depending on the condition of operation [72]; [73]; [74]. Figure 2.7 depicts CDI and MCDI.  
 
Fig. 2.7 (A) Schematic diagram of Capacitive deionization and (B) Membrane capacitive 
deionization [72] 
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2.1.7 Membrane Distillation  
MD is a hybrid method of desalination, combining both thermal and membrane processes. It 
involves the separation of volatile solutes from feed water via a microporous hydrophobic 
membrane. A vapor pressure difference of the component being separated exists as a result of 
temperature differences on either side of the membrane [75]. The vapor pressure difference and 
the membrane temperature difference act as the driving force for the separation. Vapor from the 
heated feed passes via the membrane pores from the hot side to the cold side of the membrane 
surface, where condensation takes place. Desalination is, therefore, partly due to vapor/liquid 
equilibrium at the membrane and partly to diffusion. Some of the salient characteristics of MD are 
(i) 100% non-volatile solute rejection, thus guaranteeing 100% purity [76];  [77], (ii) The process 
not being affected by salinity of the feed water [74]; [76]; [77], and (iii) Low operating pressure 
and temperature [78]; [79]. MD is classified into four configurations based on methods of 
collection of water vapor on the condensed side of the membrane  [77] and [80]. There is direct 
contact membrane distillation, air-gap membrane distillation, vacuum membrane distillation and 
sweep gas membrane distillation. A schematic diagram of MD is represented in Figure 2.8. 
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Fig. 2.8 Schematic diagram of Membrane distillation [38]. 
2.1.8 Reverse Osmosis Method of Desalination 
The basic principle of osmosis is that water moves from a less concentrated to a more concentrated 
aqueous solution via a semi-permeable membrane, hence diluting the concentrated solution until 
an equilibrium concentration is reached. This process does not require a pressure difference larger 
than osmotic pressure (a threshold differential pressure for both the concentrated and dilute 
solution). RO, on the other hand, as the name implies, is the reverse process of osmosis in which 
water diffuses from the more concentrated to the less concentrated aqueous solution, enhanced by 
a pressure difference larger than osmotic pressure across the semi-permeable membrane [81]. The 
membrane, on its part, characterizes a significant pressure differential to the flow of freshwater 
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[82]. The high amount of energy required to sustain the pressurization requirement of the RO 
method is its obvious limitation; otherwise RO is the most frequently used desalination method 
because of its efficiency and overall cost-effectiveness. RO also has the ability of not permitting 
almost all colloidal or solute from passing through the membrane; hence it assures high quality 
freshwater. According to [36], RO desalination has four subsystems: (i) Pre-treatment section, 
which involves some form of percolation and sterilization to reduce scaling and fouling by addition 
of useful chemicals, (ii) A high-pressure pump used for the creation of the required pressure 
differential necessary to push water across the membrane, (iii) A membrane for the separation of 
freshwater from concentrated feed water, and (iv) Post-treatment with chemicals to guarantee high-
quality freshwater. Figure 2.9 depicts the schematic representation of RO. 
 
  
Fig. 2.9 Schematic representation of Reverse Osmosis desalination process [38]. 
The RO system’s operational design was described and classified into three main configurations: 
(i) Single-stage RO, (ii) Two-stage RO, and (iii) Close-circuit RO by [83]. The comparison of 
these configurations was made considering the relationship between SEC and average water flux 
of the RO system. It was concluded that, based on average water flux and SEC, which were the 
main factors analyzed, a two-stage RO configuration might be considered the ideal choice. 
However, it is capital-intensive when compared to the other two configurations. 
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2.1.9 Other Desalination Methods  
There are several other methods of desalination, usually an appendage or hybridization of the 
major techniques. In some cases, there are new innovative methods that are yet to be explored 
extensively and implemented compared to the major desalination methods. This category includes 
forward osmosis (FO), nano-filtration (NF), freeze desalination (FD) and hybrid approaches.  
2.1.9.1 Forward osmosis  
FO can be regarded as the direct opposite process of RO. It uses the basic principle of osmosis, 
which depends on the natural osmotic pressure difference across the membrane to draw water from 
the less concentrated side (salty feed water) of the membrane to the more concentrated solute (draw 
solute), balancing the concentration level by diluting the draw solute. According to [84], the 
process of desalination when using FO is completed only with the addition of a freshwater recovery 
unit. Hence FO is best used as a pre-treatment unit for other desalination methods such as RO. The 
hybrid method is more suitable than standalone methods [85]. Whereas the hybrid FO system is 
ideal for the desalination of high-salinity feed water, RO is not. The FO hybrid system also 
consumes less energy than RO. Other advantages of FO over RO include high water recovery and 
minimal fouling [86][87]. The major limitations of FO are the high energy requirement when used 
as a standalone method of desalination and the limited choice of draw solute [88]. 
2.1.9.2 Nano-filtration 
NF is used as a desalination method for the removal of scaling divalent ion, which implies that the 
separation process is based on the solute charge and molecular size of uncharged solute. It is a 
membrane-based desalination process with the membrane having pore sizes of less than 0.002 µm 
[89]. NF membrane rejects solute selectively based on charge and size, unlike RO that rejects all 
solute. This method also requires lower operating pressure than RO. It is not adequate for seawater 
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desalination, but should rather be used as a pre-treatment unit in a hybrid method [90]. NF has two 
forms of configuration based on the flow pattern through the membrane, namely (i) Crossflow 
with concentrate recycle, otherwise known as tangential flow or dynamic filtration, and (ii) A 
dead-end flow system (dead-end filtration or static filtration) [86]. Research trends in this area 
increasingly focus on the development and improvement of the nanomaterials [91]. 
2.1.9.3 Freeze desalination  
The working principle of the FD method is based on phase change, from liquid to solid 
(solidification). The feed water (saline water) is subjected to a freezing process using a refrigerant 
to form ice crystals mainly composed of freshwater, leaving behind concentrated liquid as brine. 
The ice slurries are then separated from the brine and melted to obtain freshwater as the final 
product [92]. The FD process, therefore, has three stages: precooling, crystallization and separation 
[89]; [93]. FD configurations are of two types, based on refrigerant position. These are direct FD 
and indirect FD [89]. As the names imply, in the direct FD configuration the refrigerant is in direct 
contact with the feed water, which absorbs heat from the water while it is vaporized. On the other 
hand, indirect FD has a crystallizer wall separating the feed water and the refrigerant. While direct 
FD is considered more efficient than indirect FD because of its large surface area, high heat transfer 
coefficient and economic viability, the limitations are the probability of hydrate formation and 
contamination of the water by refrigerant [89].  
Figure 2.10 depicts the global installation capacities of desalination methods over different 
periods, while Table 2.1 is a summary of a comparison of desalination methods. 
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Fig. 2.10a Total desalination unit capacity (worldwide) 1980-2015 [1]. 
 
Fig. 2.10b. Global installation capacity of desalination methods 2010-2018 [94].
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  It requires relatively cheap 
materials for its simple arrangement 
and can use low-grade thermal 
energy to reduce the carbon 
footprint. 
 It has a higher 
requirement than the MED, MSF 
and membrane methods. 
 Challenges in scaling 







 More efficient than RO for 
high total dissolved solids. 
 Simple operation and 
management. 
 Higher energy 
requirement than membrane 
methods and MED. 
 Lower water recovery 
than RO. Operation is usually 
less than 60% of capacity. 







7-12 kWh/m3 for 




 It generates required heat 
from the compressor. 
 Less energy required 
compared to MFS and MED. 
 Less cost-effective 
compared to MFS and MED as 
VCD capacity is quite small. 
Hence, best used as a hybrid with 
other methods.  
[39] 
[92] 
FD   Low operating pressure and 
maintenance cost. 
 High values of water flux, 
permeate flux and water recovery 
rate. 
 Probability of hydrate 
formation and water 








 More efficient than RO for 
high total dissolved solids. 
 Effective for utilization of 
waste heat. 
 Higher energy 
requirement and lower water 
recovery than membrane 
methods. 




















kWh/m3 at low 
TDS 
 Compared to thermal 
methods, ED has a lower energy 
requirement and capital cost. 
 Compared to RO: no 
external pressure is required other 
than electrical potential deference. 
 Higher water recovery and 
less membrane fouling and scaling 
due to RED. 
 Cost-effective only for 
brackish water. High cost and 
short electrode life span due to 
corrosion. 
 Removal of charge 
solute only. High saline water 







  It requires only little 
maintenance compared to other 
methods of desalination. 
 It does not require use of 
chemicals or pressure-pump. 
Electrodes are stable and less fouled 
compared to membranes. 
 High cost and short 
electrode life span due to 
corrosion. 
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 It has a high energy rate 





  Can treat feed water with 
high total dissolved solids close to 
200 000 mg/l. 
 It has less membrane 
fouling than RO and a simple plant 
design. 
 It has a high rejection rate 
and can use waste heat  
 Low water recovery 
and water flux with a probability 
of membrane wetting. 
 Lack of specific 
membrane. 
 It requires both 







4-6 kWh/m3 for 
SWRO and 1.5-
2.5 kWh/m3 for 
BWRO 
 Compared to thermal 
methods, it has low energy 
requirement, high water recovery, 
low capital and operating cost and no 
thermal pollution. 
 Compared to other 
membrane methods, RO has a low-
price membrane. 
 High external pressure, 
membrane scaling and fouling. 
 Brine contains used 
chemicals that can have a 








  No external pressure 
required, only osmotic pressure 
difference and flow resistance in the 
membrane module. 
 Lower energy requirement, 
membrane fouling and higher water 
recovery than RO and thermal 
methods. 
 High rejection of the 
different types of contaminants. 
 The flow rate is lower 
than RO. 
 It requires a 
concentrated draw solution, 
which requires easy separation. 
 High cost as a result of 
freshwater extraction and draw 
solution regeneration and control 
system to prevent cross-







 It requires lower operating 
pressure than RO. High water 
recovery, permeate flow rate with a 
large volume of feed handling in a 
continuous manner. 
 No heating, cooling, or 
mechanical stirring of feed is 
required. 
 Preferably, it can be used as 
a pre-treatment unit in a hybrid 
method 
 Rejects solute 
selectively based on charge and 
size, unlike RO, that rejects all 
solutes. 
 Short membrane life 
span. 
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Improvement of brine recirculation 
temperature to be higher than the 
system make-up temperature. 




17.5% increase in the total 





MSF-RO Generation of electrical energy and 
freshwater using co-generation 
power desalting plants. 
 
Complexity of operation  [33][102] 
[103][104] 
TVC-RO Improvement of SEC and 
production ratio. 
Possible limited distribution ratio 
as a result of inadequate supply of 
feed water by TVC to RO unit. 
 
[46] 
MED-RO Quality water production, high 
recovery ratio, minimization of 
energy consumption and RO brine 
treatment. 
 
Dependent on the quality of steam 
used. 




RO-ED Brine minimization and salt 
production 
Priority may shift to salt 
production  
[108][109] 
RO-CDI High-quality water production Time of charge and discharge of 
the CDI cell. 
 
[110]  
RO-MD Treatment of brine Fouling and membrane wetting are 





FO-RO Treatment of brine and wastewater 
for reuse 
Difficulty in the recovery of draw 





RO-NA Enhancement of water quality, 
reduction of RO pressure and 
energy requirement. 
 
Increased complexity and cost 
with the use of more membrane. 
[79][115] 
RO-FD Brine treatment and management.  Nucleation control within FD unit. [89][116] 
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 2.2 Renewable Energy Sources for Desalination 
The high energy requirement of the thermal process of desalination and the consequent 
environmental impact of the conventional energy sources used to power the thermal methods have 
made the membrane process powered by RES more dominant and prevalent. However, it is not 
quite easy to determine the most appropriate RES for a desalination method considering the 
efficiency and varieties of both RES and desalination methods. According to [1], the choice of 
RES for desalination is a function of several variables, such as desalination plant size, location, 
feed pressure and characteristics and expected cost of production of freshwater. The limitations of 
the use of RES are the inherent characteristics of low intensity and intermittency of some of the 
RES. These challenges can be minimized or even eliminated by integration into the grid, 
hybridization and usage of energy storage systems or batteries. Figure 2.11 depicts the possible 
integration of RES with desalination methods, as presented by reference [1]. 
Some of the RES available and considered for integration with the desalination system are 
discussed in the next subsection.  
2.2.1 Geothermal Energy 
Geothermal energy is the heat source from beneath the earth’s surface, either in the form of hot 
water or steam or even a mixture of both. This form of RES is categorized based on the temperature 
range; in other words, the enthalpy range: (i) Low temperature (range below 150oc), and (ii) High 
temperature (higher than 150oc) [38]. It is one of the most stable and environmentally friendly 
RES. It provides consistent heat flux, making it very reliable. It does not depend on weather 
variations and its operating cost is quite low. These attributes justify the merit of geothermal 
energy, making it very suitable for desalination. The major limitation is the high cost of power 
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plants. It is also constrained by limited location for its activity [1]. The direct supply of heat energy 
from the geothermal plants makes it more applicable to thermal desalination processes. The 
application of geothermal energy to power HDH and MD in Tunisia was reported in [117] and 
[118], respectively. Energy can also be converted to mechanical and electrical power for use in 
membrane desalination processes. In RO, for instance, the mechanical energy is used in the 
pressure pump, which generates the pressure required to get the feed water across the membrane. 
The lower the temperature of the feed water, the more the viscosity and the more pressure is needed 
for the RO process and, consequently, the more energy it consumed. With RO having temperature 
tolerance ranging from 20-35oC, geothermal waters with appropriate high salinity and temperature 
can serve as feed water to produce freshwater. This can help augment the mechanical energy 
required to pump cold water during winter [119]. A techno-economic analysis to compare the 
production cost of freshwater using geothermal energy with MED and RO methods of desalination 
was presented by [120]. It was concluded that the RO method is relatively more cost-effective than 
MED for seawater desalination in Gulf countries.
 
Fig. 2.11. Possible integration of renewable energy sources with desalination methods [1]. 
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2.2.2 Ocean Energy 
Ocean energy involves the harnessing of energy from the ocean in thermal, mechanical, or 
chemical form. It is considered a more stable RES compared to wind and solar energy because of 
its higher energy density and lower intermittency [121]. The commonly used ocean energy is the 
mechanical energy of a wave, tide or current, mainly converted to electrical energy by using energy 
converters [122]. 
2.2.2.1 Ocean thermal energy 
Ocean thermal energy involves the sourcing of heat energy already absorbed from the sun by the 
ocean and stored on its surface. The thermal energy from the ocean is then a result of the 
temperature difference between the deeper levels and the surface of the ocean heated by the sun. 
According to [123], D’Arsonaval, a French physicist, first proposed the harnessing of ocean 
thermal energy in 1881. This form of ocean energy can be sourced by the ocean thermal energy 
conversion (OTEC) cycle. According to [124], the application of a thermal form of ocean energy 
is more straightforward using the thermal process of desalination but is still at the research and 
development phase, with the limitations of high up-front capital cost and the requirement of a large 
seawater pump and piping system. The experimental design of a desalination process to produce 
freshwater from brackish water using ocean thermal energy was reported by [125]. The result 
shows an adequate increase in freshwater production. Authors [126] analyzed dual-use open-cycle 
OTEC to determine the performance of the system in power generation and seawater desalination. 
It was concluded that the low water feed rate determined the pumping costs and production rates. 
Using ocean thermal energy, [127] performed an exergy analysis of a system of siphon ash 
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evaporation desalination. The experimental result deduced that lower surface seawater, higher 
deep seawater and higher ash achieved enough efficiency.  
2.2.2.2 Ocean mechanical energy (wave, tidal and current energy) 
Ocean mechanical energy is subdivided into wave, tidal and current energy. Similar to wind energy 
generation, hydrokinetic devices such as turbines are used for harnessing ocean mechanical 
energy. The pressure created by this form of ocean energy can be directly applied to pressure-
driven desalination processes. This will minimize the cost and energy requirements of such a 
desalination process. Several researchers support ocean mechanical energy applications to the RO 
desalination method, since it is easy to use both mechanical and electrical energy to drive the RO 
process. In [128], ocean mechanical energy was deployed to the RO system for co-generation of 
electricity and desalination.  
Wave energy is generated by energy transfer from the wind that blows across the surface of the 
ocean, causing a ripple movement of the surface water. Authors [116] and [129] evaluate the 
techno-economic analysis of wave-powered RO desalination, employing a water hammer and 
hydro-ram, respectively. The systems show the feasibility of applying direct pressure adequate to 
drive the RO desalination process and offer cheaper alternatives to the conventional RO system. 
Moreover, [130] presented an independent wave-powered RO desalination system for energy 
recovery. 
Tidal energy is generated by a swift rise and fall of water bodies creating a pressure difference, 
which in turn generates mechanical energy that can be converted to electrical energy. The swift 
rise and fall of water bodies is influenced by the gravitational force of attraction between the earth, 
moon and sun and the rotation of the earth and that of the moon around the earth. Authors [131] 
proposed an RO desalination system using tidal energy, with the result indicating a 31-41.7% 
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reduction in water production cost and 40% water recovery rate compared to traditional RO 
systems. The tidal-RO feed pressure influences the cost reduction. The decline in cost is also 
expected to appreciate over the life span of the plant. 
Current energy is generated by the movement of water bodies in a specific direction, usually 
influenced by the topography of the ocean, temperature and salinity difference of the water. This 
form of ocean energy is yet to be extensively explored in terms of research and application to water 
desalination. The possible application of ocean energy to RO desalination in South Africa was 
estimated by [132]. It was concluded that the RO plant powered by ocean current energy cannot 
always supply enough freshwater as a unit to meet the demand of the population. This is a result 
of deficient water speed at specific periods.  
2.2.2.3 Ocean chemical energy (salinity gradient energy) 
One of the biggest challenges with the deployment of either thermal or mechanical ocean energy 
to the desalination process is the requirement for redesigning the desalination plants, especially 
the feed inlet section of the plants [133]. This modification increases capital costs. The chemical 
energy (blue energy) for seawater desalination does not require any form of modification to the 
conventional desalination process. This form of ocean energy is harvested from the mixture of two 
sources of water, usually seawater (high saline water) and river-water (low saline or freshwater) 
with different salinity gradients under controlled conditions [134]. According to [134] and [135], 
an estimated 2.4 to 2.6 TW of salinity gradient energy is available globally, which almost equals 
global electricity consumption. The salinity gradient of the two forms of water supply creates an 
osmotic pressure difference between them, which serves as the driving force for the membrane 
desalination process. The extraction of salinity gradient energy in the form of electrical energy for 
desalination can be obtained in RED and in the form of mechanical energy, it is extracted in 
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pressure retarded osmosis (PRO) [61] and [136]. The application of ocean chemical energy to the 
RO desalination system is still to be extensively explored. Details of the developmental status of 
ocean energy are reported in [123], [137] and [138]. 
2.2.3 Wind Energy 
Wind energy involves the harvesting of the kinetic energy of air movement by using wind turbines 
and converting such kinetic energy into mechanical and subsequently to electrical energy. Wind 
energy is relatively cheap and highly environmentally friendly. The major limitation of wind 
energy is its intermittent nature, which affects the consistent production of power. To mitigate this 
challenge, options such as its integration with storage systems, the grid, or hybridization with 
another RES have been suggested and implemented [139]. Wind energy is one of the most 
commonly used RES to power desalination, second only to solar energy. The use of wind energy 
to power desalination cuts across different methods of desalination and, in some cases, involves 
hybridization of desalination methods or with another RES. The most common method of 
desalination power by wind energy remains the RO method. 
The technical and economic feasibility of wind-powered RO and MVC desalination was confirmed 
in [140], while [129] evaluated the effects of wind intermittency and fluctuation on the RO system 
and proffered three possible solutions: integration of energy storage, a hybrid energy system, or 
matching of RO capacity with transient energy supply. Authors [141] presents a techno-economic 
investigation of RO systems for a strategic aquifer storage and subsequent recovery (ASR) scheme 
as a measure to reduce the cost of water desalination for the Gulf Council Cooperation countries. 
An ASR project in the United Arab Emirates was used as a case study. The feasibility of the 
scheme was confirmed but avoiding shut-down of variable load by RO plant mitigate the effective 
use of unstable wind power, leading to plant capital cost. A wind-powered RO system for the 
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Canary Islands with the aim to quantify the unit cost of freshwater as well as analyzing the exergy 
efficiency of the system was presented in [142]. The result shows the unit cost of freshwater to be 
76 c€/m3 and the exergy efficiency of RO to be higher than that of wind power. Authors [143] 
discussed the economic analysis of the RO system powered by wind compared to conventional 
energy sources using the levelized cost of freshwater as the main parameter. Wind-powered RO 
shows lower levelized cost of freshwater production. 
2.2.4 Solar Energy 
Solar energy involves the harvesting of energy from the sun using either solar collectors or 
semiconductors present in photovoltaic (PV) cells. The sun provides heat and light, which can be 
harnessed to generate thermal energy and electrical energy, respectively. Therefore, solar energy 
can be classified into solar thermal (ST) and PV [144]. Both forms of solar energy can be used to 
power a desalination process either as stand-alone method or in hybrid use with another RES. Like 
wind energy, the major limitation of solar energy is its intermittent nature, which can also be 
minimized or dealt with through hybridization and storage systems. 
2.2.4.1 Solar thermal-powered desalination 
The solar thermal system consists of a solar collector that is used to collect or absorb radiation 
from the sun. In the absorber of the solar collector, the solar energy received is converted into heat 
energy, which is then transferred to fluid passing through the absorber [139]. This heat energy can 
be applied directly to power thermal desalination processes or otherwise applied indirectly to 
power membrane processes by converting from heat energy to either mechanical or electrical 
energy. An assessment of critical determinants of market opportunities for solar thermal-power 
desalination shows that a dish concentrator integrated with micro-gas-turbines is a viable and 
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promising alternative to PV-RO in the case of limited water demand [145]. Developments in the 
use of solar energy and advancement in its design for application with water desalination revealed 
that, despite many design enhancements for improving productivity, available designs are yet to 
be made suitable for large-scale production of freshwater [146]; [147]; [148]. 
The application of concentrated solar power (CSP) to power RO is a form of indirect application 
of the solar thermal system to the desalination process, which has become a suitable option. CSP 
technology involves using the steam ORC, dish-Stirling and other types of turbine and engine to 
convert high temperature heat extracted by a controlled concentration of solar radiation on a glass 
mirror to either mechanical or electrical energy [149]. CSP technologies are classified into four 
[38], namely dish engine, Fresnel mirror reflector, power tower and parabolic trough, which is the 
most efficient of the four. MED and RO are the most suitable desalination methods powered by 
CSP [38]. Figure 2.12 depicts the CSP-RO system. The major drawback of the application of the 
solar thermal system to desalination is the cost of the energy conversion unit, its installation and 
operation [94].  
 
Fig. 2.12. Schematic diagram of concentrated solar power-reverse osmosis desalination [38] 
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2.2.4.2 Photovoltaic-powered desalination 
A solar PV energy system is built on the principle of conversion of sun radiation or light to 
electricity via apparatus with a ‘PV effect.’ The PV effect is the indication of voltage difference 
as a result of light shining on systematically arranged electrodes with a solid or liquid between 
them [150]. A solar PV system, therefore, involves the use of solar panels of various layers to 
capture photons, which provides enough energy to activate the release of electrons from atoms in 
the semiconductor [144]. This process generates electric current as electrons flow from positive to 
negative electrodes. Based on the intermittent nature of solar irradiation, batteries are usually used 
for storage in the PV system. Figure 2.13 represents a schematic representation of the PV-RO 
desalination system.  
 
Fig. 2.13. Schematic diagram of Photovoltaic-reverse osmosis desalination system [38] 
Research and application of PV energy to desalination have been focused more strongly on the RO 
method, since RO requires electrical energy to drive it and has become the most dominant method 
of desalination. This, interestingly, has made PV-RO the most investigated and installed RES 
Page | 34 
indirect solar-powered desalination method, as depicted in Figure 2.14 [151]. Authors [152] 
categorized publications on PV-RO based on the main concept of reviewed papers into four: effect 
of parameters on PV-RO system performance, economic evaluation of the PV-RO unit, 
modification of the PV-RO system and hybridization of PV-RO with another RES or a desalination 
method. An extensive summary of studies on PV-RO was made. The main aims of most reports 
on the effect of parameters on PV-RO system performance are to investigate areas of parameter 
modification for economic efficiency and adaptability to the minimized limitation of location [153] 
and [154]. PV-RO modification aims at the improved performance of the system to produce 
sufficient freshwater at a low cost [155]. The hybridization of PV-RO with other RES or 
desalination methods eradicates the limitation of both PV and RO [156]; [157]. Authors [158] 
and[159] report an economic evaluation of PV-RO with the aim of reducing freshwater production 
cost. 
2.2.5 Hybrid RES for Desalination 
To eradicate limitations of different RES, several studies have suggested the implementation of 
hybrid RES. The hybrid system improves reliability, as each RES compensates for the weakness 
of the other, thus improving the economic efficiency and environmental impact of the system 
[160]. When a conventional energy source is hybridized with RES such as wind and solar, the 
conventional energy source compensates for the intermittency and high cost of the RES. At the 
same time, the RES reduces the negative impact of conventional energy sources on the 
environment [19]; [161]. On the other hand, different RES can be hybridized for cost-effectiveness 
and effective performance of the system, based on the location and availability of RES [100]; 
[105]; [110]. RES can also be combined with energy storage systems such as capacitors, batteries 
and hydrogen storage to mitigate intermittent and variable irradiation [162]; [163]; [164]. 
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Fig. 2.14. Worldwide share distribution of installed indirect solar-power desalination plant (2011) 
[151]. 
2.3 Optimization of RES-RO Desalination System 
System optimization is the minimization or maximization of certain system parameters to enhance 
the overall system performance by the selection of the best possible variable that satisfies the 
system constraints. Optimization problems are classified based on (i) The nature of design 
variables: static or dynamic (parameter or trajectory), (ii) Existence of constraints: constrained or 
unconstrained, (iii) Physical structure of the problem: optimal control or non-optimal control, (iv) 
The type of equation formulated: linear programming (LP), nonlinear programming (NLP), 
quadratic programming (QP) or geometric programming, (v) Permissible values of design 
variables: integer programming (IP) or non-integer programming, (vi) Separability of functions: 
separable or non-separable programming, (vii) Deterministic nature of variables: stochastic (with 
no certain variables) or deterministic (with known parameters or variables), and (viii) Number of 
objective functions: single or multi-objective problems [165]. Optimization of RES-powered 
desalination is mostly a combination of different optimization problems, usually constrained, 
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deterministic, nonlinear and optimal control. The complex nature of the combination of these 
optimization problems requires careful selection of the appropriate optimization techniques as a 
tool for solving the problems. Optimization solution techniques can be classified as in Figure 2.15, 
into mathematical, also known as classical or analytical optimization techniques, and artificial 
intelligence (AI) techniques, which are either heuristic or meta-heuristic techniques [166]. 
The classical techniques use selected mathematical approaches, such as gradient information of 
functions, to solve optimization problems. These methods are well known for their ability to obtain 
the exact solution of a linear or convex optimization problem. However, it is difficult to obtain an 
optimal solution to nonlinear or nonconvex problems. On the other hand, AI techniques have 
become very prominent in solving optimization problems. AI algorithms are integrated into 
computer-aided heuristic solvers, which provide an optimal solution using the iterative approach. 
Metaheuristic techniques thus have the advantage of fast computation, but solutions are 
approximate and not exact [167]. 
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Fig. 2.15. Classification of optimization solution techniques 
Every optimization problem has an objective function. The achievement of an objective is 
ascertained and evaluated by some performance indicators. The performance indicators, therefore, 
determine the formation of an appropriate optimization problem. In the case of RES-powered 
desalination optimization problems, the performance indicators mostly used in the formation of 
objective functions are (i) Energy requirement and consumption by the desalination process, (ii) 
Cost of production of freshwater using different cost matrices, (iii) Permeate flux rate, (iv) Volume 
of the freshwater output, (v) Brine handling and treatment, (vi) Environmental impacts of both 
energy sources and the desalination process, (ii) System reliability, and (viii) The life span of the 
system to be optimized. Therefore, the best optimal desalination system will be one with very low 
Page | 38 
energy requirements and consumption, a high permeate flux rate, a large volume of freshwater 
production, low risk of environmental impact, a long life span and minimal cost of production. In 
practical application, achieving the best of all these performance evaluations in a system 
simultaneously might be difficult, given some physical and technical constraints. However, 
optimizing a desalination system to achieve one of the performance indicators will be solving a 
single objective optimization problem. In the case of a combination of more than one performance 
indicator, a multi-objective optimization problem will be formulated and solved. In any case, the 
system is expected to yield better performance within its physical and technical constraints. The 
stochastic nature of some RES is of great concern, hence the need for reliability checks for 
adequate performance in a RES-RO desalination system. Reliability indicators such as loss of 
power probability, loss of load probability and expected energy not supplied can be used to 
evaluate the system reliability [168], while different cost matrices are used to assess the economic 
viability of a RES-RO desalination system. Some of the applied cost matrices are system total cost, 
total annualized cost of the system (ACS), LCOE, net present cost, and total life cycle cost. Table 
2.3 contains the mathematical representation of performance indicators, including different cost 
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Table 2.3: Simplified mathematical model of some performance indicators 
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Recent studies have presented some application of optimization models to improve the RO 
desalination process. The review of some of these studies will be based on three optimization 
approaches, namely system sizing, operational optimization and thermodynamic optimization. 
These three optimization approaches are based on the main concepts as gleaned from reviewed 
literature. The next subsections detail some of the applications of the three optimization 
approaches to RES-RO systems.  
2.3.1 System Sizing Optimization   
System sizing involves the optimal design of considerable system capacity within the constraints 
of the system components’ limitations. Authors [8] designed and modeled the sizing of six grid-
independent hybrid renewable systems: solar-battery, solar-hydrogen, wind-battery, wind-
hydrogen, solar-wind-battery and solar-wind-hydrogen, to power RO desalination systems, each 
with the objective of minimizing total life cycle cost using an improved bee algorithm and 
compared with a harmony search algorithm. It was concluded that the hybridization with battery 
energy storage is more cost-effective than hydrogen energy storage, while the solar-battery power 
RO unit proved to be the most cost-effective energy system of the six. A grid-connected RES-RO 
desalination plant in New Borg El-Arab city of Alexandria, Egypt, was optimized by minimizing 
total investment cost and CO2 using a hybrid of particle swarm optimization and the Grey Wolf 
optimizer (PSO-GWO) [19]. The result also shows that battery storage is more cost-effective than 
the hydrogen storage system and the hybrid PSO-GWO proved to be more effective than either 
PSO or GWO. Authors [171] designed an optimal desalination model powered by PV and wind 
energy for a small community and a residential household to determine the optimal number and 
type of system units at minimal total cost using a genetic algorithm (GA). Table 2.4 contains a 
summary of sizing optimization models under review. 
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Minimization of total life 
cycle cost 
Inequality constraints: 
bound limit of area of PV, 
area of wind turbine, 
number of hydrogen and 
battery storage systems, 
energy stored and battery 
state of charge. 
Equality constraint: Loss 









The hybridization of a solar 
power, battery and RO system 
is considered the most cost-
effective system compared to 
five other configurations. 
[176] 
Minimization of total life 
cycle cost 
Inequality constraints: 
bound limit of area of PV, 
area of wind turbine, 
number of hydrogen and 
battery storages, energy 
stored and battery state of 
charge. 
Equality constraint: Loss 






Proposed HSBCS yields a 
better result than HS algorithm 
[6] 
Minimization of total life 
cycle cost 
Inequality constraints: 
bound limit of area of PV, 
area of wind turbine, 
number of hydrogen and 
battery storage systems, 
energy stored and battery 
state of charge. 
Equality constraint: loss 





ABSO proves effective. 
The hybrid system led to a 
cost-effective system for 
different maximum loss of 
power supply probability (0-
100%). 
[7] 
Minimization of total life 
cycle cost with loss of power 
probability as reliability 
index. 
Inequality constraints: 
bound limit of area of PV, 
area of wind turbine, 
number of hydrogen and 
battery storage systems, 
energy stored and battery 
state of charge. 
Equality constraint: loss 
of power supply. 








The hybrid metaheuristic 
improved harmony search-
based chaotic simulated 
annealing yielded a better 
result than eight other 
metaheuristic algorithms, 
while ABSO yielded the worst 
performance. 
[175] 
Minimization of total 
investment cost and CO2 
emissions. 
Inequality constraints: 
bound limit of numbers of 
PV arrays, wind turbines, 
hydrogen tank and battery 
storages, electrolyzer, 
inverters, fuel cell and 
capacity of RO plant and 
water tank. All are ≥ 0. 
Renewable factor (FR) ≥ 
70%. Limit of diesel 
output power generation. 
Hybrid PSO-
GWO 
The result also shows that 
battery storage is more cost-
effective than the hydrogen 
storage system and the hybrid 
PSO-GWO proved more 
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Determination of the optimal 
configurations of the hybrid 
system at a minimal cost. 
Inequality constraints: the 
state of charge of 
hydrogen storage. 
Equality constraints: 
power balance and water 










The formulated method can be 
applied to any desalination 
method. 
The result shows improvement 
in energy supply reliability 
and reduced energy storage 
requirements and 
consequently reduced system 
installation cost. 
[180] 
Determination of the optimal 
number and type of system 
unit at minimal total system 
cost. 
Inequality constraints: 
bound limit of numbers of 
PV modules, wind power 
generation blocks, battery 
storage systems, RO plant 
and PV tilt angle.  
GA The overall configuration is 
profoundly affected by the 
capital cost. 
The hybrid of PV and wind 
generator is more cost-
effective than PV or wind 
standalone. 
[171] 
Minimization of excess 
energy at minimal cost 
Operating reserve of 10, 
15 and 25% of the load 
demands, output wind and 











The impact of the optimization 
method on the unit cost of 
energy and, consequently, the 
unit cost of desalinated water 
was demonstrated. 
[181] 
Minimization of total capital 
cost (capital + operational 
cost) 
Daily state of tank and 
maximum permeable 
depth of battery 
discharge. 
GA Only an economic estimation 
of power provided by RES was 
presented using HOMER. The 
hybrid of PV, wind and battery 
shows significant 
improvement of the system. 
[182] 
 
2.3.2 Operational Optimization 
The RO desalination system can be optimized by reconfiguration or adjustment of some 
components of the system to achieve optimal performance. In most cases, operational optimization 
studies are based mainly on performance analysis of the system without much consideration of the 
size. The levelized unit cost of water and electricity for a wind-powered seawater RO system in 
Gokceada Island, Turkey, was evaluated in [174]. A reverse osmosis system analysis (ROSA) 
model was used to predict an optimal levelized cost for the system, determine the energy 
requirement and analyze emission reduction. The result shows the predicted levelized cost of water 
to be between 2.96 $/m3 and US $6.457 $/m3 for the system’s energy requirement with a capacity 
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range of 6 kW to 30 kW and 0.077 $/kWh to 0.155 $/kWh for the levelized cost of electricity using 
a 30 kW wind turbine at 8% discount rate based on the turbine’s specific cost. With a 30 kW wind 
turbine for RO, the result predicted 80.028 tons of CO2
 emission reduction annually. The feasibility 
of using water and hydrogen as double storage for a continuous supply of energy and water from 
a PV-wind powered RO system at a minimal cost was evaluated in [183]. The system optimization 
was performed using the hybrid optimization model for electric renewables (HOMER) and ROSA. 
The technical feasibility and reliability of the system were confirmed, and a significant reduction 
in CO2 was also achieved. Using formulated mixed integral linear programming (MILP), [184] 
presents the hybridization of PV and CSP-ORC to power MED-RO with the objective of 
minimization of unit operational cost. A rolling horizon approach coupled with a 24-h unit 
commitment problem formulated as MILP shows accuracy and speed. The hybrid system improves 
reliability and sustainability. More operational optimization of RES-RO systems is summarized in 
Table 2.5. 
Table 2.5: Summary of operational optimization of RES-desalination systems. 




economic analysis of 
the system using a 
levelized cost matrix 
and determination of 
energy requirement. 
Physical properties of the 




Seven hybrid RES 
configurations were 
evaluated; wind-PV-diesel 
was considered a better 
option. 
[170] 
Evaluation of the 
levelized unit cost of 
electricity and water 





Physical properties of the 
system components and year 
of consideration. 
ROSA Significant reduction of 
emission. 
[174] 
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Minimization of 
critical excess of 
electricity production 
(CEEP) and the 
highest possible share 
of RES in the mix 
Inequality constraints: 
storage capacity and 
allowable RES. 





select the best 
combination of 
hybrid RES. 
Increasing the optimization 
horizon from 1 to 24 h can 




supplying both energy 
and water from RES at 
a minimal cost 
Power balance equations. HOMER and 
ROSA 
The technical feasibility and 
reliability of the system 
were confirmed, and CO2 
was reduced. 
[183] 
Minimization of total 
system cost (cost of 
power generation + 
cost of desalination) 
Inequality constraints: 
power and desalination 
limits. 
Equality constraints: power 
balance equation. 
Proposed MILP  Significant economic 
saving. 
The flexibility of the 
desalination unit can be 
advanced by the addition of 
DR programs, making room 
for frequency regulation or 
spinning reserve products. 
[186] 
Minimization of 
energy cost in water 
supply network. 
Inequality constraints: 
pressure head, water tank 
capacity limits. 
Equality constraints: water 
flow balance equation and 
mass conservation equation. 
Formulated an 
optimal water 
flow model  
Adaption of proposed 
optimization model and 
integration with 
metaheuristic techniques 
are recommended for 
implementation in water 




Minimization of total 
annualized production 
cost while maximizing 
the percentage of RES 
in the total power 
production and  
minimizing wind 
power curtailed. 
Inequality constraints: water 
reservoir capacity limits. 
Equality constraints: water 




Increased penetration of 
RES and reduction of 
emission at a minimal cost. 
 
[172] 
Minimization of unit 
operation cost 
Technical limits of 
components, spinning 
reserve requirements and 




Fast and accurate solution to 




freshwater cost of 
hybrid MED and RO 
system 
Operational parameters of 
RO unit, seawater salinity of 




The optimal feed pressure 
and feed flow rate of RO 
and stem flow rate along 
temperature of MED were 
regarded as continuous 




Page | 45 
Minimization of SEC, 
total dissolved solids 
of permeate (DTDS) 
and maximization of 
permeate production 
rate.  
Limits of trans-membrane 
pressure and total dissolved 
solids of permeate. 
GA The multi-objective 
optimization shows the 
practical benefit of hybrid 






Limits of trans-membrane 
pressure and total dissolved 
solids of permeate. 
GA The two-dimensional GA 
produced maximum 




2.3.3 Thermodynamic Optimization 
Heat and electrical energy transfer and their relationship to temperature and mass of water flow in 
RO desalination system power by RES can be used as parameters and variables for optimization 
of the system. The thermodynamic optimization approach often involves thermodynamic and 
economic analysis of the system considering energy transfer, exergy destruction and cost of 
freshwater production. Authors [188] investigated the exergy analysis of a 725 m3/d RO 
desalination system in California. The exergy across the main components of the system was 
evaluated to determine the total exergy destruction of the entire system compared to that of an 
optimal alternative unit. The exergy analysis of the existing plant showed that more exergy 
destruction occurred in the membrane modules (74.07% of total exergy input) and less in the 
mixing chamber (0.67% of the total exergy input). In comparison, the second law of efficiency of 
the plant was calculated to be 4.3%, whereas the second law of efficiency of the alternative unit 
was increased to 4.9% by the addition of a pressure exchanger with two throttling valves on the 
brine stream. This optimized the system by minimizing the pump energy requirement of the input 
saline water and hence saved 19.8 kW of electricity. The effect of irreversibility and cost of solar 
ORC-RO desalination was examined with different energy recovery configurations such as basic, 
Pelton wheel turbine and pressure exchanger. These energy recovery devices, coupled with the 
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Shann El-Shiekh RO unit, show that a pressure exchanger is more economical than the basic and 
Pelton wheel turbine versions, with minimum exergy destruction. Reference [189] used different 
adaptations of the non-dominated sorting GA (NSGA-II, NSGA-II-jumping gene and NSGA-II-
adapted jumping gene [NSGA-II-aJG]) to find an optimal solution to multi-objective optimization 
of RO desalination units. The objective functions were to minimize system cost, permeate 
throughput and permeate concentration with decision variables of different operating pressure, 
active area of membrane, type of membrane and module. The NSGA-II-aJG converges more 
rapidly than NSGA-II and NSGA-II-JG. Table 2.6 contains a summary of the thermodynamic 
optimization approach.
Table 2.6: Summary of thermodynamic optimization of RES-desalination processes. 
Ref. Objective function Constraints Optimization 
techniques 
Outlook 
[189]  Minimization of 
permeate throughput 
cost of desalination and 
permeate concentration.  
Inequality constraints: 




component properties and 





At highest permeability of 
water and salt, the maximum 
permeate throughput is 
achieved with constrained 
permeate concentration. 
The NSGA-II-aJG converges 
more rapidly than NSGA-II 
and NSGA-II-JG 
[190] Maximization of energy 
efficiency, exergy 
efficiency, desalination 
output, VAR cooling 
output and total output. 
Inequality constraints: turbine 
pressure and steam extraction 
limit and desalination heated 
feedwater temperature. 
Equality constraints: energy 
and mass balance equations. 
GA The polygeneration system is 
cost-effective, efficient and 
considered a very good option 
to satisfy energy demand in the 
global energy transition.  
[191] Maximization of net 
output power and 
freshwater of the system 
using an energy 
recovery system for 
wastewater and heat. 
Inequality constraints: turbine 
pressure and steam extraction 
limit, boiler outlet temperature 
limit and temperature 
difference of heat exchanger. 
Equality constraints: energy 
and mass balance equations. 
GA Heat recovery from boiler 
blowdown stream increased 
power production of a steam 
turbine. The water recovery 
unit increased freshwater 
production. 
Exergy analysis shows high 
exergy destruction in the boiler 
unit, hence requires 
improvement. Economic 
analysis indicates adequate 
payback time. 
The optimization process 
improves the overall 
performance of the system by 
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improving the net power 
output. 
[192] Maximization of 
permeate volumetric 
flow rate. 
Permeate concentration limits 







GARO shows approximate 
linearity between permeate 
volumetric flow rate and 
pressure difference across the 
membrane. Permeate 
concentration decreased as the 
permeate volumetric flow rate 
and pressure difference across 
the membrane increased.  
2.4 Research Output and Trend 
The research output and trend in the area of optimization of RES-powered desalination were 
investigated with the aid of VOSviewer software applied to data collected from the ISI Web of 
Science database. The choice of this database as a source of data extraction is in consideration of 
it being one of the oldest databases and its broad focus on science-based research [193]. Moreover, 
it is observed that a significant overlap exists between Web of Science and Scopus (an equally 
popular science database) in the area in context, thus it is necessary to settle for either of the two. 
In searching, three keywords, “optimization,” “renewable-energy-sources,” AND “desalination” 
were used. The search criteria included the period from 1981 to 2019 across all fields of study, 
considering only published journal articles and proceedings. The result is represented in Figures 
2.16 (a), 2.16(b), 2.17(a) and 2.17(b) as number of publication graphs, country of publication 
graph, network visualization map and overlay visualization map, respectively. The graph in Figure 
2.16a shows the exponential growth in the number of publications over the last decades. The 
increase reflects increased research interest in the area of optimization of the RES-RO desalination 
system. The number of publications in the field of optimization of RES-RO desalination from 
different countries around the world, considering only countries with at least two publications, is 
depicted in Figure 2.16b, with the USA registering most. 
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Furthermore, the literature search revealed 94 publications with a total of 606 keywords. However, 
at five co-occurrences, a total of 41 keywords were derived. Figure 2.17a shows the network 
visualization map indicating the link between keywords and common words at five co-occurrences 
in the 94 papers used for this analysis. Five clusters were formed to indicate strong relationships, 
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2.4.1 Cluster 1 (Red): Economic Feasibility of RES Integration with Desalination 
This cluster contains 12 items: cost, desalination, economics, feasibility, integration, power-
generation, renewable energy, RES, solar, storage, system and wind. Desalination and renewable 
energy have the strongest link. Other item links in the cluster indicate the research focus of 
publications in this cluster to be on the economic evolution of a RES desalination system, as 
presented in [194], [181], [140] and [195]. 
2.4.2 Cluster 2 (Green): Simulation of RES-powered RO Seawater Desalination 
Plant 
Cluster 2 contains nine items: plant, power, RES, RO, seawater desalination, simulation, systems, 
waste heat and water desalination. The most definite link in this cluster is renewable energy sources 
and water desalination. Considering the pattern of the cluster with other common items, their links 
show that the direction of research focus in this cluster is towards RES integration with seawater 
RO desalination, as discussed in [155] and [157]. 
2.4.3 Cluster 3 (Blue): Economic Analysis of PV-RO Technologies 
This cluster contains seven items: economic analysis, PV, remote areas, renewable energies, RO, 
solar energy and technologies, with PV and RO having the most definite link, hence the research 
focus of publication in this cluster is the economic analysis of PV-RO in remote areas, as presented 
by [82] and [156]. 
2.4.4 Cluster 4 (Yellow): Design and Exergy Analysis of Solar-powered 
Desalination Unit 
Cluster 4 contains seven items: energy, exergy analysis, performance, solar, desalination, unit and 
water. The strongest links are between design, energy and water; thus the focus of research in this 
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cluster is on performance and energy analysis of designed solar-powered desalination units as 
presented by [196] and [197]. 
2.4.5 Cluster 5 (Purple): Optimization of PV-RO Desalination Plant 
This last cluster contains six items: generation, membrane distillation, optimization, PVs, plant 
and RO desalination. The most robust links are between optimization, renewable energy and RO. 
Therefore, the research focus of publications in this cluster is on optimization of RES-RO 
desalination, such as presented by [182] and [159]. 
Figure 2.17b depicts the overlay visualization map showing the trend of research focus. The purple 
cluster houses the research focus of publications around 2013 to 2015. The 2015 to 2016 research 
focus was on areas in the green cluster, which include optimization of desalination systems, while 
from mid-2016 to 2017 the research focus was on the yellow cluster, which mostly contains 
performance analyses of RES with energy storage systems to power desalination units. 
 
(a)
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(b)  
Fig. 2.17 (a) Network visualization and (b) Overlay visualization map of optimization of RES 
desalination 
2.5 Findings and Conclusions from the Review of Literature  
In this chapter, an extensive review of the optimization of the RES-RO desalination system was 
presented and discussed, based on optimal system sizing, optimal system operation and optimal 
thermodynamic analysis. RES such as geothermal, ocean, wind, solar and hybrid forms of these 
were considered, along with desalination methods other than the RO method. Important finds of 
the review have been summarized below. Also, knowledge gaps are identified and justification of 
this thesis methodology outlined. 
In the area of sizing optimization of RES-RO desalination, PV-RO desalination plants are 
promising technologies for freshwater production in remote areas with no access to the electrical 
grid, but hybridization with other available RES or energy storage systems will yield more optimal 
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output. Although a standalone PV-RO system is more cost-effective than a hybrid system, the 
hybrid system provides more consistent optimal production of freshwater, considering the 
limitation of PV systems to daylight hours. As a result of this finding, Chapter 5 of this thesis 
implores hybridization of PV and wind RES compare to Chapter 3 and 4 with only PV as the 
renewable energy source utilized. 
The hybridization of RO with other methods of desalination will produce more optimal results in 
terms of quality of freshwater production, minimization of energy consumption and the 
environmental impact of desalination systems. For instance, the use of nano-filtration as pre-
treatment in an NF-RO desalination system enhances freshwater production, while FO and FD are 
promising options for post-treatment of brine. This helps to minimize the environmental impact of 
an RO desalination system. Furthermore, the MED-RO system enhances a high recovery ratio, 
quality water production, minimization of energy consumption and RO brine treatment. This 
finding led to the consideration of the propose model of Chapter 5 which combine RO, ED and 
crystallization method of desalination for optimal water production and zero brine discharge. 
The operation of the RES-RO system can be optimized by first evaluating the performance of an 
individual component of the system and then making an appropriate adjustment. Modification of 
the pressure valve of an RO system can reduce the energy requirement of the system. Improvement 
of the RO membrane to enhance permselectivity has become a trend in research focus in 2019. 
The use of nanomaterials for designing membranes reduces RO pressure; as fouling resistance 
increases, permeability also increases. Therefore, specific energy consumption and cost of 
operation are minimized.  
Techno-economic analysis of RES-RO desalination has become a central research focus, but the 
optimization of thermodynamic parameters such as exergy destruction and specific energy 
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consumption has not been extensively explored. It is therefore recommended that in future, more 
work should be done that applies optimization techniques to thermodynamic analysis of the RES-
RO desalination system.  
Furthermore, DR programs can be introduced to RES-RO systems for demand side management. 
This has the potential of minimizing system costs while maximizing the production of freshwater. 
This is another major identified gap from the literature review that this thesis intends to fill. 
For more extensive optimization and analysis of RES-RO systems, a combined optimization 
approach should be considered, taking into account sizing, operation and the thermodynamic effect 
of the system. Furthermore, with the trend in the application of different metaheuristic optimization 
techniques, attention has shifted away from mathematical techniques. However, for accurate 
results, mathematical techniques are still very promising, especially with the availability of 
different computer software solvers. More metaheuristic optimization techniques can still be 
explored; thus far, only very few have been used in this area. Optimization objectives in this area 
have also been concentrated more strongly on economic performance indicators. In the future, 
more extensive work should incorporate both the economic and reliability index in the formation 
of objective functions. In general, there is still much work to be done in this area of optimization 
of RES-RO systems, especially the exploration of RES such as geothermal and ocean energy and 
salinity gradient energy. It is therefore, in these regards that this thesis proposes optimization 
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CHAPTER 3 
OPTIMAL ENERGY MIX FOR A REVERSE OSMOSIS 
DESALINATION UNIT CONSIDERING DEMAND RESPONSE 
3.1 Introduction 
All desalination processes need a form of energy to power the system for operation. Conventional 
energy sources have several limitations, such as high cost and negative environmental impacts, 
predominantly GHG emission and pollution, hence the current trend in several studies favors the 
use of RES as a viable option for powering desalination. Different methods of desalination and 
possible configurations with RES have been studied, considering different drivers such as cost 
minimization, reliability criteria, system sizing, operational optimization and thermodynamic 
analyses of the desalination system.  
Extensive as the reviewed literature may be in terms of optimal sizing of RES and energy storage 
systems to power a desalination plant, no publication considered the sizing of the RO desalination 
unit for optimal freshwater production with the effect of DR and its cost on the unit cost of 
freshwater. The contribution of this chapter is, therefore, to evaluate the optimal cost of freshwater 
production considering different energy supply sources, optimize the production capacity of RO 
unit for maximum freshwater production and determine the impact of demand-side management 
on RO desalination systems. Thus, the remainder of this chapter is organized such that section 3.1 
presents the modelling of the energy supply mix, RO desalination unit and TOU DR model; section 
3.2 formulates the component cost models; section 3.3 details the optimization model, then section 
3.4 presents a case study; while section 3.5 present the results and discussion of the results, and 
section 3.6 summarizes the Chapter. 
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3.2 Energy Supply and Demand Modeling 
The energy supply mix includes grid power, a diesel generator (DG) and PV to supply an optimally 
sized RO desalination unit and in a case of excess supply of energy, the excess is sold back to the 
grid. Hence the primary demand to be satisfied by the energy supply mix is the hourly power 
demand of the RO desalination unit, which in turn is expected to produce freshwater at optimal 
capacity.  Seawater desalination is energy-intensive. The amount of energy required by the 
desalination unit to produce water depends on the type of desalination method, plant design, 
temperature and salinity of the feed water [38]. The SEC in kWh/m3, which is the energy required 
to produce 1 m3 of freshwater, differs according to the method of desalination. MED requires 
between 14.45 and 21.35 kWh/m3, MFS requires between 19.58 and 27.25 kWh/m3, MVC uses 
between 7 and 12 kWh/m3, TVC requires about 16.3 kWh/m3 and ED requires between 0.7 and 
5.5 kWh/m3 [38]; [95]. RO requires 2-4 kWh to produce 1 m3 of freshwater [7] [198]. The energy 
sources and their models are detailed in the next sections.  
3.2.1 Grid Power Model 
The power supply from the grid serves as back-up to complement the inconsistent supply from PV 
to meet the power demand of the desalination unit. When the power output from PV is in excess 
of the load demand, the extra energy is sold back to the grid. Therefore, the hourly power (GPi(t)) 
imported from the grid and the hourly power (GPe(t)) exported to the grid are optimized variables 
ranging from zero to maximum hourly load demand by the RO unit, as expressed in (3.1) and (3.2) 
respectively. 
0 ≤ 𝐺𝑃𝑖(𝑡) ≤ 𝐺𝑃𝑖
𝑚𝑎𝑥                                                                                                                              (3.1) 
0 ≤ 𝐺𝑃𝑒(𝑡) ≤ 𝐺𝑃𝑒
𝑚𝑎𝑥                                                                                                                              (3.2) 
The maximum transferable power to and from the grid is assumed equal: 
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𝐺𝑃𝑖
𝑚𝑎𝑥 = 𝐺𝑃𝑒
𝑚𝑎𝑥                                                                                                                                     (3.3)            
3.2.2 Diesel Generator Power Supply Model 
The DG is used in this study as another back-up to make up for the inconsistency of RES. Its output 
power (Pg(t)) is an optimized variable that is a function of its maximum capacity, as expressed in 
(3.4). 
𝑃𝑔𝑚𝑖𝑛 ≤ 𝑃𝑔(𝑡) ≤ 𝑃𝑔𝑚𝑎𝑥                                                                                                                       (3.4)      
3.2.3 PV Power Supply Model 
The hourly output power (PPV(t)) supply by the PV array is given as [199] and [200]. 
𝑃𝑃𝑉(𝑡) = 𝐴𝑃𝑉 ∗ ή ∗ 𝑆𝐼(𝑡)                                                                                                                       (3.5) 
where 
APV is the area of PV array in m2, SI(t) is hourly solar irradiation, and ή is the PV efficiency.  
3.2.4 RO Desalination Plant Power Demand Model 
The PWD(t) demand of the RO desalination unit depends on the SEC to produce 1 m
3 of freshwater, 
this value ranges from 3 to 4kWh/ m3 for RO [19] and according to [13]; [20];[180] and [198] it 
currently ranges from 2-5kWh/ m3 which in this study is 3 kwh/m3 and the actual volume of water 
(QW(t)) produced per hour [6]; [7]. 
𝑃𝑊𝐷(𝑡) = 𝑄𝑊(𝑡) ∗  𝑆𝐸𝐶                                                                                                                         (3.6)                      
The daily water production capacity is given as: 
𝐷𝑄𝑊 = ∑ 𝑄𝑊(𝑡)
24
𝑡=1
                                                                                                                                 (3.7) 
The water dispensation model and network are not considered in this study. Thus, the water tank 
capacity (WTK) expressed in m
3 is assumed to be twice the daily water production capacity to make 
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enough space available for excess water production and in the event of water remaining from the 
previous day.  
𝑊𝑇𝐾 = 𝐷𝑄𝑊 ∗ 2                                                                                                                                       (3.8)                      
3.2.5 Demand Response Load Model 
The maximum allowable demand variation (increase/decrease) per hour is assumed to be 30% of 
total demand at that hour. The DR load is an optimized variable, as expressed in (3.9) [201][202]. 
−𝛥𝐿𝑚𝑎𝑥(𝑡) ≤ 𝛥𝐿(𝑡) ≤ 𝛥𝐿𝑚𝑎𝑥(𝑡)                                                                                                         (3.9) 
where 
𝛥𝐿𝑚𝑎𝑥(𝑡) = 0.3 ∗ 𝑃𝑊𝐷(𝑡)                                                                                                                     (3.10) 
3.3 Component cost model 
The economic impact of the components and different sections of the entire system is evaluated 
using an annualized system cost matrix to determine the unit cost of water.   
3.3.1 Grid Power Cost 
The cost of grid power is dependent on the energy price and the difference between imported 
power and exported power to the grid. It is assumed that the unit cost of purchasing power is equal 
to the unit cost of selling power back to the grid. Hence, excess energy production that is not 
needed by the desalination unit is sold back to the grid to compensate for the cost of imported 
power or at least reduce importation cost of energy from the grid. 
𝐶𝐺𝑃𝑖(𝑡) = 𝐺𝑃𝑖(𝑡) ∗ 𝑃(𝑡)                                                                                                                      (3.11) 
𝐶𝐺𝑃𝑒(𝑡) = 𝐺𝑃𝑒(𝑡) ∗ 𝑃(𝑡)                                                                                                                      (3.12) 
𝐶𝐺𝑃 = ∑(𝐶𝐺𝑃𝑖(𝑡) ∗ 𝑃(𝑡) − 𝐺𝑃𝑒(𝑡) ∗ 𝑃(𝑡))                                                                                  (3.13) 
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                                                                              ∀𝑡 = 1,2,3, … 8760 
where:  
P(t) is the hourly unit price of transferable grid power and CGP is the total annual cost of 
transferable grid power. 
3.3.2 Diesel Generator Cost 
The hourly fuel consumption of the DG, FC(t) (L/hr), is a function of its electrical power output 
[203]. 
𝐹𝐶(𝑡) = 𝑎 ∗ 𝑃𝑔(𝑡) + 𝑏 ∗ 𝑃𝑔𝑁                                                                                                            (3.14) 
where: 
a = 0.246L/kWh, the slope of fuel curve and b = 0.08145 L/kWh, the rated fuel curve intercept 
coefficient and PgN is the generator nominal power [19]; [20]. The DG’s fuel cost, therefore, is the 
function of the unit price of fuel (Fp), which in this study is 1 $/L and the amount of fuel consumed 
to produce its output power. Hence, the total annual fuel cost is expressed as (3.15) [19]; [20]. 
𝐹𝐶𝐷𝐺 = ∑ 𝐹𝐶(𝑡)
8760
𝑡=1
∗ 𝐹𝑝                                                                                                                       (3.15) 
The initial capital cost of the DG (ICDG) and the maintenance cost (AMCDG) are $7 495 and 
0.3 $/hr, respectively [20]. 
3.3.3 PV cost 
Evaluation of PV cost is based on the area of PV array, initial capital cost and maintenance cost 
over its lifetime, as expressed in (3.16) and (3.17) [20][204]. 
𝐼𝐶𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝐶𝑃𝑉                                                                                                                                  (3.16) 
𝐴𝑀𝐶𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝑀𝐶𝑃𝑉                                                                                                                         (3.17) 
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3.3.4 RO Desalination Cost Model 
The RO desalination cost model includes the initial capital cost (ICRO), annual maintenance and 
operational cost (AMCRO), annual membrane replacement cost (ACMR), annual treatment chemical 
cost (ACCH) and water tank cost (CWTK)  as adopted by references [19] and [20].  
𝐼𝐶𝑅𝑂 = 𝐶𝑅𝑂 ∗ 𝐷𝑄𝑊                                                                                                                               (3.18) 
𝐼𝐶𝑊𝑇𝐾  = 𝐶𝑊𝑇𝐾 ∗ 𝑊𝑇𝐾                                                                                                                          (3.19) 
3.3.5 Demand Response Cost 
The application of TOU DR optimally shifts loads from peak hours when the price of demand is 
highest to either standard or off-peak hours, yet allows the demand at every hour to be met. The 
cost of DR is the difference between the cost of power demand before and after TOU DR. It is 
expressed as [205]: 
𝛥𝐿𝐶 = ∑[𝑃𝑊𝐷(𝑡) ∗ 𝜆(𝑡) − (𝑃𝑊𝐷(𝑡) − 𝛥𝐿(𝑡)) ∗ 𝜆(𝑡)]                                                              (3.20) 
3.3.6 Total System Cost 
In this study, the annualized system cost matrix is used for the economic evaluation of the RO 
desalination system powered by the different energy sources to determine the cost of freshwater 
and the LCOE. The ACS involves the CRF and the total system cost, which includes total initial 
cost (TICC) and the total maintenance and operational cost (TMC) of all the components that make 
up the system [168], [206] and [207]. 
𝑇𝐼𝐶𝐶 = (𝐼𝐶𝑃𝑉 + 𝐼𝐶𝐷𝐺 + 𝐼𝐶𝑅𝑂 + 𝐼𝐶𝑊𝑇𝐾) ∗ 𝑑𝑟                                                                                (3.21) 
where 




 , the discount rate for 20 years’ lifetime of the system. 
𝑇𝑀𝐶 = 𝐴𝑀𝐶𝑃𝑉 + 𝐴𝑀𝐶𝐷𝐺 + 𝐴𝑀𝐶𝑅𝑂                                                                                                  (3.22) 




(1 + 𝑖)𝑛 − 1
       𝑛 = 1 … 19                                                                                                  (3.24) 
𝐶𝑄𝑊 = 𝐴𝐶𝑆 ∑ 𝑄𝑊(𝑡)⁄                                                                                                                         (3.25) 
𝐿𝐶𝑂𝐸 =
𝐴𝐶𝑆 + 𝑃𝑊𝐷(𝑡)
∑ 𝑃𝑃𝑉(𝑡) + 𝑃𝑔(𝑡) + 𝐺𝑃𝑖(𝑡)
                                                                                               (3.26) 
                                                                         ∀𝑡 = 1,2,3 … 8760 
3.4 Optimization Model 
The optimization problem is formulated as a multi-objective linear programming problem as 
expressed in (3.27), with the objective of minimizing annualized system cost, which includes total 
initial capital cost, membrane replacement cost, maintenance cost, treatment chemical cost of the 
RO unit, grid transferable power cost, DG fuel cost and DR cost, subject to constraints expressed 
by (3.28) - (3.32). This multi-optimization problem is solved using the CPLEX solver of the 
AIMMS. 
Objective Function  
Min ACS =  
𝑚𝑖𝑛 ∑(𝑇𝐼𝐶𝐶 + 𝐴𝐶𝑀𝑅) 𝐶𝑅𝐹 + 𝑇𝑀𝐶 + 𝐴𝐶𝐶𝐻 + 𝐶𝐺𝑃 + 𝐹𝐶𝐷𝐺 +  𝛥𝐿𝐶                                    (3.27) 
S.t. 
𝑃𝑃𝑉(𝑡) + 𝑃𝑔(𝑡) + 𝐺𝑃𝑖(𝑡) = 𝑃𝑊𝐷(𝑡) + 𝛥𝐿(𝑡) + 𝐺𝑃𝑒(𝑡)                                                               (3.28) 
𝑄𝑊(𝑡) = 𝑊𝐷(𝑡)                                                                                                                                    (3.29) 
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𝑄𝑊𝑚𝑖𝑛 ≤ 𝑄𝑊(𝑡) ≤ 𝑄𝑊𝑚𝑎𝑥                                                                                                              (3.30) 
𝑃𝑊𝐷
𝑚𝑖𝑛 ≤ 𝑃𝑊𝐷(𝑡) ≤ 𝑃𝑊𝐷
𝑚𝑎𝑥                                                                                                             (3.31) 
                                                                            ∀𝑡 = 1,2,3 … 8760 
𝐴𝑃𝑉 ≥ 0                                                                                                                                                   (3.32) 
Constraint (3.28) expresses the power balance that ensures power supply from PV, the DG and the 
grid at any time t, equaling the total demand by the RO desalination unit and the power exported 
to the grid at the same time t. Constraint (3.29) is water balance that ensures the water produces at 
any hour t equals the water demand at that hour t, or in excess of it, while constraint (30) ensures 
water produced per hour remains within the required limits. Constraint (3.31) is the limit of power 
required to produce water at any time t and constraint (3.32) expresses the limit of the area of PV. 
Other constraints include (3.1), (3.2), (3.3), (3.4) and (3.9), which express the limit of grid imported 
power, limit of grid exported power, maximum allowable transfer power and limit of DR load 
respectively. Figure 3.1 represents the Model’s flowchart. 
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Fig. 3.1 Model’s flowchart 
3.5 Case Study 
In this chapter, three case scenarios are implemented, and the results are presented and compared. 
Case 1 is an RO desalination system powered by the grid and a DG. This system is without RES 
and has no DR program. Case 2 is an RO desalination system with the incorporation of PV (a RES) 
in the energy supply mix of the grid and a DG, but also without a DR program, while Case 3 is an 
RO desalination system powered by the grid, a DG and PV, alongside the incorporation of a TOU 
DR program. The hourly solar irradiations were collected from the Southern African Universities 
Radiometric Network as depicted in Figure 3.2. Also, the TOU energy price (in US $) for South 
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Africa obtained from the Eskom schedule of standard prices for Eskom tariffs 2019/2020 [18] as 
shown in Figure 3.3 is implemented for the DR program. Whereas, an assumed hourly water 
demand curve based on expected behavioral water usage at different hour of the day as represented 
in figure 3.4 is used in this study.  
 
Fig. 3.2 Hourly solar irradiance
 
Fig. 3.3 Hourly price of grid power 
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Fig. 3.4 
Hourly water demand 
3.6 Results and Discussion 
3.6.1 Results  
Figure 3.5 shows the hourly power supply from the grid and DG. An average daily simulation is 
used for purposes of clear comparison. Figure 3.6 depicts the hourly power output from the energy 
supply mix of Case 2, as well as the excess power exported to the grid. Figure 3.7a represents the 
hourly power supply mix for Case 3, while Figure 3.7b depicts the difference between the load 
curve before and after the application of the DR program. The volume of hourly water produced 
in each case is represented in Figure 3.8. While Table 3.1 is the summary of the results of daily 
power supply from the different mix of energy supply, Table 3.2 is the summary result of optimized 
parameters. 
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Fig. 3.5 Case 1 hourly energy dispensed. 
 
Fig. 3.6 Case 2 hourly energy dispensed 
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Fig. 3.7a Case 3 hourly energy dispensed 
Fig. 3.7b Case 3 hourly load curve with and without DR program compared with hourly price of 
power 
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Fig. 3.8 Comparison of hourly freshwater production quantity 
Table 3.1. Results of daily power supply 
Optimized 
power output (kW) 
 
Case 1: Without RES 
 
Case 2: With RES 
 
Case 3: With RES 
and DR 
 
Grid import power 
 
Grid export power  
 
DG output power 
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Table 3.2. Summary of results of optimized parameters 
 
3.6.2 Discussion 
The results from Case 1 indicate that the RO unit was predominantly powered by the grid, with 
little back-up from the DG. In this case, there is no excess energy to sell back to the grid. This 
implies that even at peak hours, the RO unit depends on grid power and a DG to satisfy its load 
demand, resulting in high LCOE of 1.56 $/kWh. Case 1 also has the highest unit cost of freshwater 
produced with the lowest quantity of 1 250 m3, as indicated in Figure 3.8 and Table 3.2. 
Results from Case 2 are an improvement on those from Case 1, with a reduction in imported grid 
power cost from $65 744 of Case 1 to $61 172 of Case 2. This reduction is a result of the 
integration of PV (a RES) into the energy mix of Case 2. Furthermore, the impact of the integration 
of RES is reflected in the excess energy output that is sold back to the grid, which amounts to an 







     Case 2 
     With RES 
 
Case 3 
With RES and 
DR 
Area of PV 
 
--- 3614 4264 
Annual DG fuel cost ($) 
 
275 940 276 594 277 486 
Annual grid power imported cost ($) 
 
65 744 61 172 26 522 
Annual grid power exported cost ($) 
 
--- 16618 118 534 
Annualized system cost ($) 
 
764 802 728 008 752 353 
Levelized cost of energy ($/kWh) 
 
1.56 0.86 0.83 
Daily freshwater produced (m3/day) 
 
1250 1 501 1 521 
Unit cost of water ($/m3) 
 
1.68 1.33 1.36 
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1.56 $/kWh of Case 1. Finally, Case 2, with a daily capacity of 1 501 m3/day, produces more 
freshwater than Case 1 with a daily capacity of 1 250 m3/day. 
Case 3 is a system model formulated with the integration of the three energy sources (grid, DG 
and PV) as its energy mix to power the RO unit and with the incorporation of a TOU DR program. 
The results show the impact of the TOU DR program by the reduction of the demand curve in 
Figure 3.7b. Other optimized results are compared to Cases 1 and 2 in Table 3.2. Case 3 proves to 
produce more freshwater than Cases 1 and 2, with a daily capacity of 1 521 m3/day at the low cost 
of 1.36 $/m3. Furthermore, Case 3 has the lowest annual imported grid power cost of $26 522 and 
the highest export grid power cost of $118 534, reducing the transferable power cost and by 
extension, minimizing the LCOE to as low as 0.83 $/kWh against 1.56 $/kW/h and 0.86 $/kWh of 
Case 1 and Case 2 respectively. Hence, Case 3 proves to be the best option, considering its highest 
production capacity at lowest cost.   
3.7 SUMMARY 
In this chapter, a mathematical optimization approach is used to determine the optimal energy mix 
of three case scenarios: Case 1, which has grid power and a DG in its energy mix to supply an RO 
desalination unit without considering TOU DR; Case 2, which as has grid, DG and PV (a RES) 
power in its energy mix and does not consider TOU DR; and Case 3, which has the three energy 
sources in its energy mix and implements a TOU DR program on the demand side of the system. 
The objectives of these models are to maximize freshwater production at minimal cost and to 
determine the impact of DR and its cost on the quantity of water produced at different hours of the 
day and the unit cost of freshwater. The results show that Case 3 offers a significant increase in 
freshwater production at a considerably lower cost compared to the other two cases. Case 3 is 
therefore recommended as the ideal optimal sizing approach for the RO desalination system. The 
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cost of freshwater and the LCOE of Case 3 are also lower than those from similar cases in 
literature, such as 2.962 and 6.457 $/m3 from [174], 1.08-1.5076 $/m3 in [19] and 1.9452-
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CHAPTER 4 
TECHNO-ECONOMIC EVALUATION OF REVERSE OSMOSIS 
DESALINATION SYSTEM CONSIDERING EMISSION COST 
AND DEMAND RESPONSE 
4.1 Introduction 
Most desalination plants around the world still largely depend on fossil energy sources, especially 
the grid. The direct consequence of this is high GHG, which also has cost implications alongside 
its environmental impacts. The cost implication of emitted carbon gas is regarded as one of the 
external costs of desalination, the other being brine management  [17]. Hence, efficient energy 
supply management is key to gas emission reduction [208] and, by implication, reduction of the 
cost of desalination. The contribution of this study is, therefore, to (i) Evaluate the optimal cost of 
freshwater production considering carbon emission and DR cost, (ii) Determine the impact of 
carbon emission considering different energy supply sources, (iii) Optimize the production 
capacity of an RO unit for maximum freshwater production, and (iv) Determine the impact of 
demand side management on an RO desalination system.  
Thus, the remainder of this chapter is organized such that section II presents the modeling of the 
power section; section III formulates the component cost models; section IV discusses the carbon 
emission cost and global warming impact (GWI) of the energy source; section V details the 
optimization model, while section VI presents a case study, section VII presents and discusses the 
results and section VIII summarizes the Chapter. 
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4.2 Energy Supply and Demand Models 
4.2.1 Grid Power Model 
The GPi(t) imported from the grid and the GPe(t) exported to the grid are optimized variables 
ranging from zero to maximum hourly load demand by the RO unit as expressed in (4.1) and (4.2) 
respectively. 
0 ≤ 𝐺𝑃𝑖(𝑡) ≤ 𝐺𝑃𝑖
𝑚𝑎𝑥                                                                                                                              (4.1) 
0 ≤ 𝐺𝑃𝑒(𝑡) ≤ 𝐺𝑃𝑒
𝑚𝑎𝑥                                                                                                                              (4.2) 
The maximum transferable power to and from the grid is assumed equal: 
𝐺𝑃𝑖
𝑚𝑎𝑥 = 𝐺𝑃𝑒
𝑚𝑎𝑥                                                                                                                                     (4.3)     
4.2.2 Diesel Generator Power Supply Model 
The output power (Pg(t)) of the DG is an optimized variable that is a function of its maximum 
capacity as expressed in (4.4). 
𝑃𝑔𝑚𝑖𝑛 ≤ 𝑃𝑔(𝑡) ≤ 𝑃𝑔𝑚𝑎𝑥                                                                                                                       (4.4)        
4.2.3 PV Power Supply Model 
The PPV(t) supply by the PV array is given as [199] and [200] 
𝑃𝑃𝑉(𝑡) = 𝐴𝑃𝑉 ∗ ή ∗ 𝑆𝐼(𝑡)                                                                                                                       (4.5) 
where 
APV is area of PV array in (m2), SI(t) is hourly solar irradiation and ή is the PV efficiency.  
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4.2.4 RO Desalination Plant Power Demand Model 
The PWD(t) of the RO desalination unit depends on the SEC to produce 1 m
3 of freshwater, which 
in this study is 3 kwh/m3 and the actual QW(t) produced per hour [16]; [6]. 
𝑃𝑊𝐷(𝑡) = 𝑄𝑊(𝑡) ∗  𝑆𝐸𝐶(𝑡)                                                                                                                   (4.6)                         
The daily water production capacity is given as: 
𝐷𝑄𝑊 = ∑ 𝑄𝑊(𝑡)
24
𝑡=1
                                                                                                                                 (4.7) 
The WTK expressed in m
3 is assumed to be twice the daily water production capacity. 
𝑊𝑇𝐾 = 𝐷𝑄𝑊 ∗ 2                                                                                                                                       (4.8) 
4.2.5 Demand Response Load Model 
The maximum allowable demand variation (increase/decrease) per hour is assumed to be 30% of 
total demand at that hour. The DR load is an optimized variable, as expressed in (4.9). 
−𝛥𝐿𝑚𝑎𝑥(𝑡) ≤ 𝛥𝐿(𝑡) ≤ 𝛥𝐿𝑚𝑎𝑥(𝑡)                                                                                                         (4.9) 
where 
𝛥𝐿𝑚𝑎𝑥(𝑡) = 0.3 ∗ 𝑃𝑊𝐷(𝑡)                                                                                                                     (4.10) 
Furthermore, for even distribution of load shift, the cut-off demand at certain hours of the day 




= 0                                                                                                                                          (4.11) 
4.3 Component Cost Model 
The economic impact of the components and different sections of the entire system are evaluated 
using an annualized system cost matrix to determine the unit cost of water.  
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4.3.1 Grid Power Cost 
The cost of grid power is a function of the difference between the cost of imported and exported 
power. Therefore, equation 4.14 depicts the total annual cost of transferable grid power. 
𝐶𝐺𝑃𝑖(𝑡) = 𝐺𝑃𝑖(𝑡) ∗ 𝑃(𝑡)                                                                                                                      (4.12) 
𝐶𝐺𝑃𝑒(𝑡) = 𝐺𝑃𝑒(𝑡) ∗ 𝑃(𝑡)                                                                                                                      (4.13) 
𝐶𝐺𝑃 = ∑(𝐶𝐺𝑃𝑖(𝑡) ∗ 𝑃(𝑡) − 𝐺𝑃𝑒(𝑡) ∗ 𝑃(𝑡))                                                                                  (4.14) 
∀𝑡 = 1,2,3, … 8760 
where 
P(t) is the hourly unit price of transferable grid power.  
4.3.2 Diesel Generator Cost 
The DG’s hourly fuel consumption FC(t) (L/hr) is a function of its electrical power output [203]. 
Total annual fuel cost is expressed as (4.15) [19]; [20]. 
𝐹𝐶(𝑡) = 𝑎 ∗ 𝑃𝑔(𝑡) + 𝑏 ∗ 𝑃𝑔𝑁                                                                                                            (4.15) 
𝐹𝐶𝐷𝐺 = ∑ 𝐹𝐶(𝑡)
8760
𝑡=1
∗ 𝐹𝑝                                                                                                                       (4.16) 
4.3.3 PV Cost 
Evaluation of PV cost is based on the area of PV array, initial capital cost and maintenance cost 
over its lifetime, as expressed in (4.17) and (4.18)  
𝐼𝐶𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝐶𝑃𝑉                                                                                                                                     (17) 
𝑇𝑀𝐶𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝑀𝐶𝑃𝑉 ∗ 𝑟                                                                                                                      (18) 
Page | 75 
4.3.4 RO Desalination Cost Model 
 The RO desalination cost model is determined by the summation of (ICRO), (AMCRO), (ACMR), 
(ACCH) and (CWTK) [19] and [20].  
𝐼𝐶𝑅𝑂 = 𝐶𝑅𝑂 ∗ 𝐷𝑄𝑊                                                                                                                               (4.19) 
𝐼𝐶𝑊𝑇𝐾  = 𝐶𝑊𝑇𝐾 ∗ 𝑊𝑇𝐾                                                                                                                          (4.20) 
4.3.5 Demand Response Cost 
The cost of DR is the difference between the cost of power demand before and after load variation 
due to DR. It is expressed as (4.21) [205]. 
𝛥𝐿𝐶 = ∑[𝑃𝑊𝐷(𝑡) ∗ 𝜆(𝑡) − (𝑃𝑊𝐷(𝑡) − 𝛥𝐿(𝑡)) ∗ 𝜆(𝑡)]                                                              (4.21) 
                                                                                                     t =  1,2,3, … 8760    
4.4 Carbon Emission Cost and Global Warming Impact of Energy Source 
The GWI, in other words, the carbon emission of the fossil-fuel energy source, could be due to 
construction or operation of the plant, with the impact due to operation exceeding that due to 
construction by multiple orders [208]. Thus, this study considered the impact due to operation as 
adopted by authors of reference [208]. The authors define GWI as the summation of input power 
Pj,t of every fossil-fuel unit j in every time step 𝑡 ∈ 𝑇 multiplied by specific operational emission 
factor SEFj,t and the period Δtt of the time step as represented in (4.22). 




                                                                                                     (4.22) 
where 
𝑆𝐸𝐹𝑗,𝑡 =
𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔 𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑒𝑑
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔 𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑒𝑑
                                                          (4.23) 
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The emission factor of DG (SEFDG) depends on its characteristics and fuel consumption, with 
values ranging from 2.4-2.8 kg/L; in this study, 2.6 kg/L is used[19]. Therefore, DG carbon 
emission, in other words, the DG GWI, is given as: 
𝐺𝑊𝐼𝐷𝐺 = ∑ 𝐹𝐶(𝑡)
8760
𝑡=1
∗ 𝑆𝐸𝐹𝐷𝐺                                                                                                             (4.24) 
In order to estimate the carbon emission cost, the formulated model given by references [17] and 




) = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑦 (
𝑘𝑤ℎ
𝑚3







)                                                                                                                           (4.25)  
For a system with grid and DG units, the total GWI and total carbon emission cost will amount to 
the sum of the emission from the two units and the sum of the associated cost from the units, as 
represented in (4.26) and (4.27) respectively. 
𝐺𝑊𝐼 = 𝐺𝑊𝐼𝑔 + 𝐺𝑊𝐼𝐷𝐺                                                                                                                        (4.26) 
𝑇𝐸𝐶 = 𝐶𝐸𝑔 + 𝐶𝐸𝐷𝐺                                                                                                                               (4.27)  
The grid-specific emission factor and carbon tax depend on the country of location of the plant. 
This study adopted the calculated emission factor for South Africa given by reference [210]. The 
value of the emission factor is 1.069 kgCO2/kwh. Recently the South African carbon tax rate 
ranged from R6-R48 ($0.40-$3.17)[211]. The lowest value of $0.40 is considered in this study. 
4.5 Optimization Model 
In this study, the annualized system cost matrix is used for the economic evaluation of the RO 
desalination system powered by the different energy sources to determine the cost of freshwater 
and the LCOE. The ACS involves the CRF and the total system cost, which includes total initial 
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cost (TICC) and total maintenance and operation cost (TMC) of all the components that make up 
the system [168]; [206]; [207]. Also included in the ACS are DR cost (ΔLC) and total carbon 
emission cost (TEC). 
𝑇𝐼𝐶𝐶 = 𝐼𝐶𝑃𝑉 + 𝐼𝐶𝐷𝐺 + 𝐼𝐶𝑅𝑂 + 𝐼𝐶𝑊𝑇𝐾                                                                                             (4.28) 
𝑇𝑀𝐶 = 𝐴𝑀𝐶𝑃𝑉 + 𝐴𝑀𝐶𝐷𝐺 + 𝐴𝑀𝐶𝑅𝑂                                                                                                  (4.29) 




(1 + 𝑖)𝑛 − 1
       𝑛 = 1 … 19                                                                                                  (4.31) 
𝐶𝑄𝑊 = 𝐴𝐶𝑆 ∑ 𝑄𝑊(𝑡)⁄                                                                                                                         (4.32) 
𝐿𝐶𝑂𝐸 =
𝐴𝐶𝑆 + 𝑃𝑊𝐷(𝑡)
∑ 𝑃𝑃𝑉(𝑡) + 𝑃𝑔(𝑡) + 𝐺𝑃𝑖(𝑡)
                                                                                               (4.33) 
                                                                                               ∀𝑡 = 1,2,3 … 8760 
The optimization problem is formulated as a multi-objective linear programming problem as 
expressed in (4.34), with the objective of minimizing the ACS and carbon emission while 
maximizing the quantity of freshwater production subject to constraints expressed by (4.35) - 
(4.39). The weighting factors (w1 = 0.3, w2 = 0.5 and w3 = 0.2) were allocated based on the 
preference of major concern, with the GWI of emission ranking highest, then ACS and quantity of 
water produced ranking lowest, since meeting water demand is more important than excess water 
production. This multi-optimization problem is solved using the CPLEX solver of AIMMS. 
Objective Function  
𝑀𝑖𝑛 [𝑤1 ∗ 𝐴𝐶𝑆 + 𝑤2 ∗ ∑ 𝐺𝑊𝐼 − 𝑤3 ∗ ∑ 𝑄𝑊(𝑡)]                                                                    (4.34) 
S.t. 
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𝑃𝑃𝑉(𝑡) + 𝑃𝑔(𝑡) + 𝐺𝑃𝑖(𝑡) = 𝑃𝑊𝐷(𝑡) + 𝛥𝐿(𝑡) + 𝐺𝑃𝑒(𝑡)                                                               (4.35) 
𝑄𝑊(𝑡) ≥ 𝑊𝐷(𝑡)                                                                                                                                    (4.36) 
𝑄𝑊𝑚𝑖𝑛 ≤ 𝑄𝑊(𝑡) ≤ 𝑄𝑊𝑚𝑎𝑥                                                                                                              (4.37) 
𝑃𝑊𝐷
𝑚𝑖𝑛 ≤ 𝑃𝑊𝐷(𝑡) ≤ 𝑃𝑊𝐷
𝑚𝑎𝑥                                                                                                             (4.38) 
                                                                                        ∀𝑡 = 1,2,3 … 8760 
𝐴𝑃𝑉 ≥ 0                                                                                                                                                   (4.39) 
Constraint (4.35) expresses the power balance that ensures that power supply from PV, a DG and 
the grid at any time, t, equals the total demand by the RO desalination unit and the power exported 
to the grid at the same time t. Constraint (4.36) is water balance that ensures that the water produced 
at any hour, t, equals or is in excess of water demand at that hour t, while constraint (4.37) ensures 
that water produced per hour remains within required limit. Constraint (4.38) is the limit of power 
required to produce water at any time t and constraint (4.39) expresses the limit of area of PV. 
Other constraints include (4.1), (4.2), (4.3), (4.4) and (4.9), which express the limit of grid imported 
power, limit of grid exported power, maximum allowable transfer power and limit of DR load 
respectively. Furthermore, constraint (4.11) ensures even distribution of load shift. Model’s 
flowchart is similar to that of Figure 3.1.  
4.6 Case Study 
This chapter presents three case scenarios; Case 1 is an RO desalination system powered by 
conventional grid power source, Case 2 has grid and diesel generator whilst Case 3 combine grid, 
diesel generator and photovoltaic. The three Cases were model with and without TOU DR program 
incorporated.  
4.7 Results and Discussion 
Page | 79 
4.7.1 Results 
Figure 4.1 shows the hourly power supply from the grid with or without TOU DR, while Figure 
4.2 represents the hourly power output from the energy supply mix of Case 2 and the excess power 
exported to the grid. Figure 4.3a represents the hourly power supply mix for Case 3, while Figure 
4.3b depicts the difference between the load curve before and after the application of the DR 
program. The volume of hourly water produced by each case is as shown in Figure 4.4, while 
Table 4.1 is the summary of the results. 
Fig. 4.1 Case 1 hourly energy dispensed 
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Fig. 4.2 Case 2 hourly energy dispensed 
Fig. 4.3a Case 3 hourly energy dispensed 
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Fig. 4.3b Case 3 hourly load curve with and without DR program compared with hourly price of 
power 
 
Fig. 4.4 Comparison of hourly freshwater production quantity 
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Case 1: Grid only Case 2: Grid and DG  Case 3: Grid, DG and PV 
 Without 
DR 





















































































Table 4.2: Summary results of cost parameters 
Optimized 
Cost ($) 
Case 1: Grid only Case 2: Grid & DG  Case 3: Grid, DG & PV 
    
 Without 
DR 
With DR  Without DR With DR  Without DR With DR 
 
Grid import cost 
 
Grid export cost  
 










































































































Table 4.3: Summary of optimized results 
Optimized 
parameters 
Case 1: Grid only Case 2: Grid and DG  Case 3: Grid, DG and PV 
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DR 



































































































Fig. 4.5 Comparison of emission produced and the associated cost for the three cases 
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The results from Case 1, depicted as Figure 4.1, show the impact of TOU DRs in shifting load 
from peak hour to off-peak hour, thus reducing the cost of power imported from the grid. The grid 
power imported cost is reduced from $168 236 to $161 140, as shown in Table 4.2. Compared to 
Case 2, Case 1 has lower ACS, LCOE and lower cost of water production, since it depends on only 
the grid power supply, but the high carbon emission of 146 562 kgCO2-e and its associated cost of 
$600 471as reflected in Figure 4.5 are discouraging. 
Results from Case 2 show a significant reduction of grid imported power compared to Case 1 in 
Figure 4.2 and Table 4.1. This reduction is a result of power distribution between the grid and DG. 
Further reduction is achieved with the TOU DR program. DR, therefore, optimally reschedules 
power supply from the grid and DG to minimize carbon emission and cost. Case 2, therefore, with 
its highest ACS, LCOE and cost of water production, has lower carbon emission and emission cost 
of 1 234 010 kgCO2-e and $505 944, respectively, compared to those of Case 1. These values are 
further reduced by DR to 1 181 286 kgCO2-e and $493 019, as shown in Figure 4.5 and Table 4.3 
and 4.2.    
Case 3, which is an RO desalination system powered by the grid, DG and RES (PV), shows very 
significant improvement in the reduction of carbon emission and total system cost. The power 
output from Case 3, as represented in Figure 4.3a, shows a large reduction in grid-imported power 
to only two hours a day, with a total output of 354 kW and a further reduction by DR to 89.2 kW. 
Furthermore, there is a reduction in the output power from DG when comparing Case 3 to Case 2. 
These reductions in grid imported power and DG power output are a result of the integration of a 
RES (PV), which tends to have a high power output at certain hours of the day. This has also led 
to excess total power output, which is sold back to the grid.    
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Other than the reduction of power supply from the grid and DG as a result of the integration of a 
RES and TOU DR in Case 3, the impact of the DR program is shown in the reduction of carbon 
emission and its cost, as reflected in Figure 4.5. The demand curve in Figure 4.3b also shows load 
shift from peak hours to off-peak hours and the subsequent optimized result compared to Case 1 
and 2 is shown in Tables 2 and 3. Case 3 proves to produce more freshwater than Cases 1 and 2, 
producing, on average, a daily volume of 1 790 m3 at a minimal unit cost of 1.92 $/m3 without DR 
and 1.77 $/m3 with DR incorporated. Furthermore, Table 4.2 shows that Case 3 has the lowest 
annual DG fuel cost, lowest annual grid power imported and is the only case with exported grid 
power cost, hence lowest ACS. Therefore, the LCOE and cost of water produced in Case 3 are 
lower than those of Cases 1 and 2; consequently, Case 3 produces more freshwater at a lower cost 
than Case 1 and Case 2, as shown in Table 4.3. 
4.8 SUMMARY 
In this study, a mathematical optimization model is formulated using a conventional grid and DG 
in comparison with a system that integrates PV, a RES, to power an RO desalination unit. The 
model is formulated to include a balance between power supply and demand, water demand and 
water production, cost functions and the TOU DR program. The cost functions include carbon 
emission cost, DR cost and the cost of components. The objective of the optimization model is to 
minimize the ACS and carbon emissions while maximizing the quantity of freshwater production 
subject to different economic and system reliability constraints. The model is implemented on 
three case scenarios: Case 1 is a system with only the grid as the energy source, Case 2 has the 
grid and a DG, while Case 3 combines the grid, a DG and PV. The economic impact of the 
integration of RES and a DR program was examined. The techno-economic analysis of the three 
cases was performed using LCOE, COW and ACS cost matrices and the results were compared. 
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The results showed that Case 3 offered a very significant improvement in the reduction of carbon 
emission and the total system cost. Case 3 is therefore recommended as the ideal optimization 
model for the RO desalination system, having proven that more freshwater can be produced at 
minimal cost. This submission gives credence to RES as viable alternatives to fossil fuel power 
sources. On the other hand, the inclusion of the DR program enhances the optimal schedule of 
energy supply to satisfy the demand of the desalination unit while minimizing cost and carbon 
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CHAPTER 5 
OPTIMAL DESIGN AND TECHNO-ECONOMIC 
EVALUATION OF A RENEWABLE ENERGY POWERED 
COMBINED REVERSE OSMOSIS DESALINATION AND 
BRINE TREATMENT UNIT 
5.1 Introduction 
Continuous growth in the population, constant water pollution and other water stress have made 
freshwater scarcity a serious problem around the world [15]. Treatments such as water reuse and 
seawater desalination have become prominent in recent years owing to the abundant availability 
of seawater around the world [16]. Seawater usually contains a large deposit of salt, making it 
difficult and unhealthy to drink. Desalination is the separation of freshwater from seawater (in 
other cases, brackish water), leaving behind more concentrated saline water known as brine. 
Indiscriminate brine disposal is harmful to the environment. Furthermore, most desalination plants 
around the world still largely depend on fossil energy sources, especially convectional grid 
generators. The direct consequence of this is high GHG emission, which has cost implications 
alongside its environmental impacts. The cost implications of emitted carbon gas and brine 
management are considered the external costs of desalination [17]. Therefore, the main challenges 
of seawater desalination are energy requirements and brine management. These challenges make 
seawater desalination quite expensive, both in terms of cost and the environmental impact of the 
energy supply source and brine disposal. Hence, efficient energy supply and brine management 
are crucial to carbon emission reduction [208] and cost evaluation of desalination.  
To deal with these challenges, RES have been highly exploited and integrated into desalination 
systems to cut down the cost and gas emission of conventional fossil energy supply [181]; [171]. 
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The thermal process of desalination is more energy- and cost-intensive than the membrane process, 
hence the predominant use of the RO technique. One major limitation of the RO method is the 
volume of brine (concentrate) produced during the desalination process [212]. Different brine 
management approaches have been proposed, and some have been implemented [15]; [212]; [213]. 
Most available brine treatment technologies such as desalination technologies are thermal-based 
or membrane-based. Most often, the same techniques are used in a specific combination for both 
desalination and brine treatment. In this study, RO is used for desalination while ED and 
crystallizer (CRY) are used for further treatment of the concentrate. ED, being a membrane 
technology, is cost-effective for brine treatment, as it uses ion selectivity to separate freshwater 
further from the concentrate. This process does not entirely convert the brine to potable water and 
salt. Its performance is limited by scaling soluble salt on the membrane. Therefore, further 
treatment of the highly concentrated brine is required. The crystallization of the remaining volume 
of brine can lead to zero brine discharge, as the resulting product will be crystals of salt and 
evaporated freshwater, which can be condensed and collected for drinking. The feasibility of RO-
ED-CRY was presented by reference [108], and a framework for a cost and energy needs model 
was established. A comparison of RO-ED-CRY and the same system that includes a two-stage 
high-pressure RO (HPRO) was made; the results show that adding HPRO is uneconomical.    
For sustainability and environmental friendliness, when considering seawater desalination, the cost 
and proper management of energy supply and brine production must be taken into 
consideration[214]. The contribution of this chapter is, therefore to (i) Evaluate the optimal cost 
of the freshwater output considering carbon emission, DR and brine treatment cost, (ii) Minimize 
the impact of carbon emission; (iii) Maximize freshwater production, and (iv) Minimized the brine 
discharged. Thus, the remainder of this chapter is organized such that section II details system 
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models; section III presents a case study; section IV presents and discusses the results, while 
section V Summarizes the Chapter. 
5.2 System Models 
5.2.1 System Architecture 
Figure 5.1 describes the system design, which has two basic sections: (i) The power section, which 
integrates the RES of wind and PV with grid power, and (ii)  The desalination and brine treatment 
section, which integrates the RO, ED and CRY units. The power sources are optimally scheduled 
with TOU DR and consider carbon emission to achieve minimal LCOE, whereas the desalination 
and brine treatment section is designed such that the RO unit desalinates 40% of the feedwater 
(seawater) to freshwater, leaving 60% as brine on the bases of equation 5.19-5.21 adopted from 
[16] and [213]. This brine is passed into the ED, which further desalinates 20% of the feedwater 
into freshwater (i.e., 33.3333% of the brine passed into ED), leaving a more concentrated brine in 
the CRY unit. The crystallization unit evaporates 10% of the feed water (16.6667% of the original 
brine from RO), which is condensed and collected as additional freshwater. The remaining 30% 
of the feedwater (which is 50% of the original brine from RO) forms crystals of salt, leaving zero 
discharge.   
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Fig. 5.1 Schematic diagram of combined desalination and brine treatment process 
5.2.2 Grid Power and Cost Model 
The GPi(t) imported from the grid and the GPe(t) exported to the grid are optimized variables 
ranging from zero to maximum hourly load demand by the RO unit, as expressed in (5.1) and (5.2) 
respectively. 
0 ≤ 𝐺𝑃𝑖(𝑡) ≤ 𝐺𝑃𝑖
𝑚𝑎𝑥                                                                                                                              (5.1) 
0 ≤ 𝐺𝑃𝑒(𝑡) ≤ 𝐺𝑃𝑒
𝑚𝑎𝑥                                                                                                                              (5.2) 
The maximum transferable power to and from the grid is assumed equal: 
𝐺𝑃𝑖
𝑚𝑎𝑥 = 𝐺𝑃𝑒
𝑚𝑎𝑥                                                                                                                                     (5.3) 
The cost of grid power is the function of the difference between grid imported cost and grid 
exported cost. 
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𝐶𝐺𝑃𝑖(𝑡) = 𝐺𝑃𝑖(𝑡) ∗ 𝑃(𝑡)                                                                                                                         (5.4) 
𝐶𝐺𝑃𝑒(𝑡) = 𝐺𝑃𝑒(𝑡) ∗ 𝑃(𝑡)                                                                                                                        (5.5) 
𝐶𝐺𝑃 = ∑(𝐶𝐺𝑃𝑖(𝑡) ∗ 𝑃(𝑡) − 𝐺𝑃𝑒(𝑡) ∗ 𝑃(𝑡))                                                                                       (5.6)                                            
                                                                                                            ∀𝑡 = 1,2,3, … 8760 
where: 
P(t) is the hourly unit price of transferable grid power and CGP is the total annual cost of 
transferable grid power. 
5.2.3 Renewable Energy Sources and Cost Model 
5.2.3.1 PV power and cost model 
The hourly output power (PPV(t)) supply by the PV array is given as [199]; [200] 
𝑃𝑃𝑉(𝑡) = 𝐴𝑃𝑉 ∗ ή ∗ 𝑆𝐼(𝑡)                                                                                                                       (5.7) 
The initial capital cost and annual maintenance cost of PV are expressed as:  
𝐼𝐶𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝐶𝑃𝑉                                                                                                                                     (5.8) 
𝐴𝑀𝐶𝑃𝑉 = 𝐴𝑃𝑉 ∗ 𝑀𝐶𝑃𝑉 ∗ 𝑟                                                                                                                     (5.9) 
5.2.3.2 Wind power and cost model 




∗ ή𝑤 ∗ 𝜌𝑎𝑖𝑟 ∗ 𝐶𝑝 ∗ 𝐴𝑊𝑇 ∗ 𝑉(𝑡)
3                                                                                     (5.10) 
where ήw is the efficiency of the wind generator, ρair is the air density; Cp is the power coefficient, 
AWT is the swept area of the wind turbine and V(t) is the hourly wind speed given as [215]: 
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                                                                                                                                 (5.11) 
where V(t) is the hourly speed at projected height (h), VR is the hourly speed at reference height 
(hR) and α is the power law exponent equivalent to 1/7.  
The economics of using wind power for desalination is similar to those of PV and in this study 
these are analyzed based on the initial capital cost (ICWT) and total maintenance cost (TMCWT), 
depending on the area of the wind turbine, as follows: 
𝐼𝐶𝑊𝑇 = 𝐴𝑊𝑇 ∗ 𝐶𝑊𝑇                                                                                                                               (5.12) 
𝐴𝑀𝐶𝑊𝑇 = 𝐴𝑊𝑇 ∗ 𝑀𝐶𝑊𝑇 ∗ 𝑟 .                                                                                                              (5.13) 
5.2.4 RO Desalination Plant Power Demand and Cost Model 
The PWD(t) of the RO desalination unit is expressed as:  
𝑃𝑊𝐷(𝑡) = 𝑄𝑊𝑅𝑂(𝑡) ∗  𝑆𝐸𝐶                                                                                                                  (5.14)                         
The daily water production capacity is given as: 
𝐷𝑄𝑊 = ∑ 𝑄𝑊𝑅𝑂(𝑡)
24
𝑡=1
                                                                                                                           (5.15) 
The WTK is formulated as: 
𝑊𝑇𝐾 = 𝐷𝑄𝑊 ∗ 2                                                                                                                                     (5.16) 
The RO desalination initial capital cost (ICRO), and water tank cost (CWTK) are expressed as;  
𝐼𝐶𝑅𝑂 = 𝐶𝑅𝑂 ∗ 𝐷𝑄𝑊                                                                                                                               (5.17) 
𝐼𝐶𝑊𝑇𝐾  = 𝐶𝑊𝑇𝐾 ∗ 𝑊𝑇𝐾                                                                                                                          (5.18) 
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5.2.5 Brine Treatment Power Demand Model 
The brine treatment section includes the ED and crystallization units. The volumetric quantity of 
brine produced (QB) from the RO plant depends on its water production capacity and water 




∗ (1 − 𝑅𝑅)                                                                                                                     (5.19) 
where RR is the percentage of volume freshwater produced by the RO desalination to the volume 




∗ 100                                                                                                                                     (5.20) 
This implies that QB can also be calculated as [213]: 
𝑄𝐵 = 𝑄𝐹 − 𝑄𝑊                                                                                                                                     (5.21) 




∗ (1 − 𝑅𝑅)                                                                                                            (5.22) 
Therefore, the hourly power demand (PB(t)) of the brine treatment unit depends on the sum of SEC 
by ED and the crystallization unit, which in this study are adapted from [108] and [216] as 
3.7 kwh/m3 and 4.5 kwh/m3 respectively. Hence, 
𝑃𝐵(𝑡) = 𝑄𝐵(𝑡) ∗  𝑆𝐸𝐶                                                                                                                           (5.23) 
For a zero brine discharge, the brine from the RO unit, when passed through the ED unit, produces 
some quantities of freshwater (20% of the brine, in this study) and a more concentrated brine, 
which is further passed into the crystallizer. This also produced some quantities of freshwater (in 
this case, 10% of the total brine from the RO unit), and the remaining amounts of brine are 
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crystallized salt and other compounds. Thus, the total freshwater produced from the combine RO-
ED-CRY system is given as: 
𝑇𝑄𝑊(𝑡) = 𝑄𝑊𝑅𝑂(𝑡) + 𝑄𝑊𝐸𝐷(𝑡) + 𝑄𝑊𝐶𝑅𝑌(𝑡)                                                                               (5.24) 
5.2.6 TOU Demand Response Load and Cost Model 
The maximum allowable demand variation (increase/decrease) per hour is assumed to be 30% of 
total demand at that hour. The DR load is an optimized variable expressed as: 
−𝛥𝐿𝑚𝑎𝑥(𝑡) ≤ 𝛥𝐿(𝑡) ≤ 𝛥𝐿𝑚𝑎𝑥(𝑡)                                                                                                       (5.25) 
where: 
𝛥𝐿𝑚𝑎𝑥(𝑡) = 0.3 ∗ [𝑃𝑊𝐷(𝑡) + 𝑃𝐵(𝑡)]                                                                                                  (5.26) 
Furthermore, for even distribution of load shift, cut-off demand at certain hours of the day equals 




= 0                                                                                                                                          (5.27) 
The cost of DR is the difference between the cost of power demand before and after load variation 
due to DR. It is expressed as [205] 
𝛥𝐿𝐶 = ∑[(𝑃𝑊𝐷(𝑡) + 𝑃𝐵(𝑡)) ∗ 𝜆(𝑡) − ((𝑃𝑊𝐷(𝑡) + 𝑃𝐵(𝑡)) − 𝛥𝐿(𝑡)) ∗ 𝜆(𝑡)]                       (5.28)  
                                                                                                                   t =  1,2,3, … 8760   
 5.2.7 Carbon Emission Cost and Global Warming Impact of Energy Source 
The GWI, in other words, carbon emission of fossil-fuel energy source, could be due to 
construction or operation of the plant, with the impact due to operation exceeding that due to 
Page | 95 
construction by multiple orders [208]. Thus, this study considered the impact due to operation as 
adopted by authors of reference [208]. The authors define GWI as the summation of input power 
Pj,t of every fossil-fuel unit j in every time step 𝑡 ∈ 𝑇 multiplied by specific operational emission 
factor SEFj,t and the period Δtt of time the step represented as: 




                                                                                                     (5.29) 
where: 
𝑆𝐸𝐹𝑗,𝑡 =
𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔 𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑒𝑑
𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔 𝑔𝑒𝑛𝑎𝑟𝑎𝑡𝑒𝑑
                                                          (5.30) 
In order to estimate carbon emission cost, the formulated model given by references [17] and [209] 




) = 𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑦 (
𝑘𝑤ℎ
𝑚3







)                                                                                                                          (5.31)  
The grid-specific emission factor and carbon tax depend on the country of location of the plant. 
This study adopted the calculated emission factor for South Africa by reference [210]. The value 
of the emission factor is 1.069 kgCO2/kwh. The new South African carbon tax rate ranges from 
R6-R48 ($0.40-$3.17) [211]. The lowest value of $0.40 is considered in this study.                                                                                        
5.2.8 Optimization Problem Formulation 
In this study, the ACS matrix is used for the economic evaluation of the RO desalination system 
powered by a grid and RES to determine the cost of freshwater and the LCOE. The ACS involves 
the CRF and the total system cost, which includes TICC and TMC of all the components that make 
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up the system [168];[206]; [207]. Also included in the ACS is DR cost (ΔLC) and total carbon 
emission cost (EC). 
𝑇𝐼𝐶𝐶 = 𝐼𝐶𝑃𝑉 + 𝐼𝐶𝑊𝑇 + 𝐼𝐶𝑅𝑂 + 𝐼𝐶𝐸𝐷 + 𝐼𝐶𝐶𝑅𝑌 + 𝐼𝐶𝑊𝑇𝐾                                                              (5.32) 
𝑇𝑀𝐶 = 𝐴𝑀𝐶𝑃𝑉 + 𝐴𝑀𝐶𝑊𝑇 + 𝐴𝑀𝐶𝑅𝑂 + 𝐴𝑀𝐶𝐸𝐷 + 𝐴𝑀𝐶𝐶𝑅𝑌                                                        (5.33) 




(1 + 𝑖)𝑛 − 1
       𝑛 = 1 … 19                                                                                                  (5.35) 
n is the number of years in the lifetime of the system of which the interest rate i is considered. 




                                                                                                              (5.37)                            
                                                                                                    ∀𝑡 = 1,2,3 … 8760 
The optimization problem is formulated as a multi-objective linear programming problem as 
expressed in (5.38), with the objective of minimizing the ACS and carbon emission while 
maximizing the quantity of freshwater production subject to constraints expressed by (5.39) - 
(5.44). The weighting factors (W1, W2, W3 and W4) were allocated based on the preference of 
significant concern, with the GWI of emission ranked highest. The ACS and quantity of water 
produced rank lowest, since meeting water demand is more excess water production. This multi-
optimization problem is solved using the CPLEX solver of the AIMMS. 
Objective Function  
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𝑀𝑖𝑛 [𝑤1 ∗ 𝐴𝐶𝑆 + 𝑤2 ∗ ∑ 𝐺𝑊𝐼 +𝑤3 ∗ ∑ 𝑄𝐵(𝑡) −  𝑤4 ∗ ∑ 𝑇𝑄𝑊(𝑡)]                                 (5.38) 
S.t. 
𝑃𝑃𝑉(𝑡) + 𝑊𝑝(𝑡) + 𝐺𝑃𝑖(𝑡) = 𝑃𝑊𝐷(𝑡) + 𝑃𝐵(𝑡) + 𝛥𝐿(𝑡) + 𝐺𝑃𝑒(𝑡)                                               (5.39) 
𝑇𝑄𝑊(𝑡) ≥ 𝑊𝐷(𝑡)                                                                                                                                 (5.40) 
𝑄𝑊𝑚𝑖𝑛 ≤ 𝑄𝑊𝑅𝑂(𝑡) ≤ 𝑄𝑊
𝑚𝑎𝑥                                                                                                          (5.41) 
𝑃𝑊𝐷
𝑚𝑖𝑛 ≤ 𝑃𝑊𝐷(𝑡) ≤ 𝑃𝑊𝐷
𝑚𝑎𝑥                                                                                                             (5.42) 
                                                                                                          ∀𝑡 = 1,2,3 … 8760 
𝐴𝑃𝑉 ≥ 0                                                                                                                                                   (5.43) 
𝐴𝑊𝑇 ≥ 0                                                                                                                                                  (5.44) 
Constraint (5.39) expresses the power balance that ensures that power supply from PV, a wind 
generator and the grid at any time t equals the total demand by the RO desalination and brine 
treatment unit and the power exported to the grid at the same time t. Constraint (5.40) is a water 
balance that ensures that the total amount of water produced at any hour t is equal to or in excess 
of the water demand at that hour t, while constraint (5.41) ensures that the water produced per hour 
remains within the required limits. Constraint (5.42) is the limit of power required by RO to 
produce water at any time t, and constraint (5.43) expresses the limit of the area of PV while 
constraint (5.44) limits the area of the wind turbine. Other constraints include (5.1), (5.2), (5.3) 
and (5.25), which express the limit of grid imported power, limit of grid exported power, maximum 
allowable transfer power and limit of the DR load respectively. Constraint (5.27) also ensures even 
distribution of load shift. Model’s flowchart is similar to that of Figure 3.1.  
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5.3 Case Study 
In this chapter, as in previous chapters, the metrological data from Stellenbosch University, 
Western Cape province of South Africa, is used, including the hourly wind speed, as represented 
in Figure 5.2.  
 
Fig.  5.2 Hourly wind speed 
5.4 Results and Discussion 
5.4.1 Results 
Figure 5.3 shows the hourly power supply and power sold back to the grid, the power from the 
wind generator and the power output of the PV generator. A simulation of an average day is used 
for the sake of simplicity. Figure 5.4 depicts the hourly volume of freshwater produced from the 
three units, RO, ED and CRY. Figure 5.5 represents the hourly volume of brine, freshwater and 
salt produced, while Table 5.1 is the summary results of the other optimized parameters.
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Fig. 5.3 Hourly energy dispensed 
 
Fig. 5.4 Hourly freshwater dispensed 
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Fig. 5.5 Hourly freshwater, brine and salt produced 
Table 5.1: Summary results of optimized parameters 
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5.4.2 Discussion  
The result represented in Figure 5.3 shows the impact of TOU DR in shifting load from peak hours 
to off-peak and standard hours for cost-effective energy management. The selection of the energy 
sources and the subsequent power output depends on the cost and the carbon emission of the energy 
source, hence the resulting low power output from the grid, which depends mainly on fossil fuel 
generators. The carbon emitted from the grid generator comes at a cost (261 460 $/year), therefore 
increasing the cost of grid power supply. This gives the advantage to the RES (wind and PV 
generators), hence the high power output from the two sources. 
The hourly volume of freshwater produced by the three units (RO, ED and CRY), as depicted in 
Figure 5.4, shows that the RO unit, which is the main desalination unit, produces the highest 
quantity of freshwater, followed by the ED unit. The crystallization unit produces only a small 
volume of freshwater, since the larger volume of brine passed into it has a high concentration of 
salt. The crystallization process is, therefore, the main brine treatment unit producing soluble salts 
and a small volume of freshwater, leaving zero brine discharge. 
The total potable water produced from RO-ED-CRY at every hour of the day alongside the hourly 
brine production from the RO unit, as well as the salt produced from the brine, is shown in Figure 
5.5. This result indicates that a large volume of the feed water is converted into freshwater while 
the remainder is crystallized into salts. Furthermore, the volume of freshwater produced 
(3 005 m3/day) from this combined model of desalination and brine treatment, as shown in Table 
5.1, is higher than the volume produced by a standalone RO unit previously presented by reference 
[217], with similar input parameters, which is also the expected desalination capacity to meet the 
baseline daily water demand (1 250 m3/day). Moreover, this study presents the unit cost of 
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freshwater and salt as a single unit cost of production, since it is difficult to separate the cost of 
production of freshwater and salt because the system is designed as a single unit with the same 
component costs, energy sources and their costs. The unit cost of production of freshwater and salt 
($0.89) is within the range of cost of water for standalone desalination units presented in literature, 
which is from $0.5-2.39 [19]; [20]; [217].  Furthermore, most standalone RO desalination systems 
do not account for carbon emission cost and brine treatment; therefore, they use less energy and 
treatment chemicals and require less frequent membrane replacement than a combined model that 
produces freshwater and treats brine with zero discharge. Hence, the unit cost of production of this 
combined model is relatively low, considering the economic and environmental factors. On the 
other hand, the LCOE of this model (1.06 $/kWh) is within the average value of those of standalone 
RO desalination systems that usually range between 0.5-1.2 $/kWh, suggesting similar cost of 
energy for a standalone desalination unit and a combined desalination-brine treatment unit. This is 
because the component cost of similar energy sources used for a standalone unit is the same for a 
combined unit and depends mainly on the size of the system and the volume of production.  
5.5 SUMMARY 
This chapter presents efficient energy and brine management in the production of freshwater using 
the integration of RO, ED and crystallization methods. The objective of this study is to minimize 
LCOE and brine production while maximizing freshwater and salt production at a minimal cost.  
The proposed design is such that the feed water (saline water) is passed through the RO unit for 
desalination; the brine produced from the RO unit is further desalinated by the ED method, leaving 
a very high concentrate to be crystallized into soluble salts, thus achieving zero brine production. 
Furthermore, for energy-efficient management, optimal sizing of energy sources, which include 
grid power, wind power and solar power, was carried out considering mitigation of carbon 
Page | 103 
emission and its cost and the intermittent limitation of the RES. This integrated design ensured 
that the internal and external costs of desalination were evaluated and minimized. The results show 
the impact of emission and its cost on the energy cost, increasing the cost of grid energy supply 
and making RES more cost-effective as well as environmentally friendly. The LCOE is within the 
average value of those of standalone desalination units, suggesting similar cost of energy for a 
standalone desalination unit and a combined desalination-brine treatment unit. This is because the 
component costs of similar energy sources used for a standalone unit are the same for a combined 
unit and depend mainly on the size of the system and the volume of production. Further study can 
investigate the cost of salt based on location, as it is expected that the salt produced, if further 
treated, can be an added advantage of the combined model of desalination and brine treatment, as 
it can be of use. Furthermore, the annual carbon emission (637 708 kgCO2-e) is still very high, and 
a further reduction can be achieved with the integration of a storage system to supplement the 
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CHAPTER 6 
COMPARISON OF RESULTS AND SENSITIVITY ANALYSIS 
6.1 Introduction 
This chapter presents a comparison of results from the three models in the previous chapters and 
sensitivity analyses are also performed using some key parameters to determine the behavior of 
the models in different circumstances. 
In Chapter 3, a comparison was made of three cases of Model 1, consisting of an energy mix that 
includes (i) Conventional grid power and a DG, (ii) Conventional grid power, DG and PV, and 
(iii) Grid power, DG and PV with a TOU DR program. The comparative result of the three cases 
of Model 1 shows that Case 3 (the system with DG, PV and grid-connected with a TOU DR 
program) is more promising. Hence the result of Case 3 of Model 1 is compared with the results 
from other subsequent models. 
Chapter 4, similar to Chapter 3, compares three cases of Model 2 with an energy mix that includes 
(i) Grid only, (ii) DG and grid, and (iii) DG, PV and grid. Model 2 also considered carbon emission 
and its cost in all the cases of the model formation. The comparison of the cases of Model 2 extends 
to cases with the same energy mix, with or without the TOU DR program. The result of the 
comparison of the different cases of Model 2 shows that Case 3 (the system with DG, PV and grid-
connected energy sources with TOU DR) is more promising. Therefore, the result of Case 3 with 
DR taken from Model 2 is compared with the result from Models 1 and 3. 
Chapter 5 presents Model 3, which is formulated to consist of an energy mix that includes PV, 
wind and the grid to power a combined desalination and brine treatment unit. This model also 
considered carbon emission and its cost, as well as the implementation of a DR program. 
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6.2 Comparative Analysis 
Table 6.1 shows the summary results of key optimized parameters from the three models for a 
simple comparison. The three models incorporate the TOU DR program and integrate an energy 
mix of grid and PV; Model 3 includes wind energy in its energy mix. Models 2 and 3 consider 
carbon emission and its cost, but Model 1 does not. Other parameters, such as daily water demand, 
system components cost (for energy sources and desalination units) and metrological data used in 
the three models are the same. 
Table 6.1: Comparison of Model Results 
Optimized parameters Model 1 Model 2 Model 3 
Daily freshwater produced 
(m3/day) 
1521 1790 3005 
Unit cost of water ($/m3) 1.36 1.77 1.056 
LCOE ($/kW/h) 0.86 1.20 0.89 
 
The comparative result shows that the three models have a relatively low cost of water and LEOC, 
with Model 3 producing more water than both Model 1 and Model 2. This implies that a combined 
system of desalination and a brine treatment unit has the capacity to produce more freshwater at a 
reduced cost, considering carbon emission and zero brine discharge. This characteristic makes 
Model 3 a more promising approach to solving the freshwater scarcity problem at a low cost and 
in an environmentally friendly way. 
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6.3 Sensitivity Analysis from Model 2 
Sensitivity analyses are performed on the three cases of Model 2 with and without DR. The results, 
shown in Figure 6.1 and Figure 6.2, reflect the effect of an increased carbon tax rate on LCOE and 
the cost of water produced. The relationship between the carbon tax rate and LCOE is directly 
proportional. The cost of water produced also tends to increase with an increase in carbon tax. 
Case 3 proves to be less affected, as its proportional cost variation is significantly less than that of 
Case 1 and Case 2. 
 
Fig. 6.1 Effect of increase in carbon tax on levelized cost of energy for the three cases with 
demand response 
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Fig. 6.2 Effect of increase in carbon tax on cost of water for the three cases with demand 
response
Again, the impact of DR in the model is highlighted in Table 4, which shows that the increase in 
both LCOW and COW as a result of an increase in the carbon tax is significantly higher in the 
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Table 6.2: Summary results of cost parameters 
Carbon 
tax ($) 
Case 1 Case 2 Case 3 
Without DR With DR Without DR With DR Without DR With DR 



























0.79 2.29 3.86 2.29 3.86 2.32 3.96 2.30 3.89 1.40 2.36 1.29 2.15 
1.19 2.71 5.14 2.71 5.14 2.68 5.04 2.64 4.93 1.52 2.82 1.39 2.55 
1.59 3.14 6.43 3.14 6.43 3.04 6.12 2.99 5.96 1.65 3.28 1.49 2.94 
1.98 3.56 7.68 3.56 7.68 3.39 7.18 3.32 6.97 1.76 3.73 1.59 3.33 
2.38 3.99 8.96 3.99 8.96 3.75 8.26 3.67 8.01 1.88 4.19 1.69 3.73 
2.78 4.42 10.2 4.42 10.2 4.11 9.34 4.01 9.04 2.00 4.65 1.79 4.13 
3.17 4.83 11.5 4.83 11.5 4.47 10.4 4.35 10.05 2.12 5.10 1.88 4.51 
6.4 Sensitivity Analysis from Model 3 
Sensitivity analysis was also performed to evaluate the impact of the percentage increase of water 
demand on three cost matrices (ACS, LCOE and cost of products, COP) in Model 3, as depicted 
in Figures 6.3, 6.4 and 6.5, respectively.   
 
Fig. 6.3 Impact of percentage increase on the annual cost of the system 
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Fig. 6.4 Impacts of percentage increased on levelized cost of energy 
 
Fig. 6.5 Impacts of percentage increase in cost of water and salt
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The results of the sensitivity analysis show a proportional increase in ACS, a moderate increase in 
LCOE and a decrease in the COP against the percentage increase in water demand. This implies 
that the increase in water demand results in a rise in ACS and LCOE, but the unit cost of production 
of water and salt is reduced, with more freshwater production to meet the increased water demand. 
6.5 SUMMARY 
This chapter presents a comparison of results from the three models in the previous chapters and 
sensitivity analyses are also performed using some key parameters to determine the behavior of 
the models in different circumstances. The comparative result shows that the three models have a 
relatively low cost of water and LCOE, with Model 3 producing more water than both Model 1 
and Model 2. This implies that a combined system of desalination and a brine treatment unit has 
the capacity to produce more freshwater at a reduced cost, considering carbon emission and zero 
brine discharge. This characteristic makes Model 3 a more promising approach to solving the 
freshwater scarcity problem at a low cost and in an environmentally friendly way. Sensitivity 
analysis shows that when carbon emission and its cost are considered, the increase in carbon tax 
rate is proportional to LCOE and the cost of water produced. Furthermore, the sensitivity analysis 
from Model 3 shows that the percentage increase in freshwater and salt production is inversely 
proportional to the unit cost of production. This implies that it is cheaper to produce a larger 








This thesis has extensively researched the integration of RES into power desalination systems. 
Two common forms of RES (PV and wind energy) were considered alongside grid energy to power 
the RO desalination system, with the implementation of TOU DR to obtain an optimal energy-
efficient schedule. Furthermore, the integration of RO, ED and crystallization methods of 
desalination was explored to maximize freshwater production and minimize brine production. 
Techno-economic analyses of the integrated modelled systems were presented; the results were 
compared and sensitivity analysis was performed. The results showed that, for optimal 
performance considering economic cost and environmental impact, the RO desalination system is 
better integrated with other methods of desalination and powered with an energy mix of both grid 
energy and RES. The application of the TOU DR program also improved productivity at a reduced 
cost. 
7.2 Contributions to Knowledge 
The following are the contributions of this thesis to the body of knowledge: 
I. This thesis has extensively researched the integration of RES to power a desalination system and 
has presented the merits of different segments of this integration, such as the impact of TOU DR, 
the impact of carbon emission cost and the impact of RES. The study also presents different 
optimization approaches for techno-economic analyses. 
II. A mathematical model of an optimal energy mix that includes a DR program for an efficient 
energy schedule to power an RO desalination unit at minimal LCOE was developed. 
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III. A mathematical optimization model that enhances effective techno-economic analysis of a RES-
powered RO desalination system considering carbon emission and its cost while maximizing 
freshwater production was developed. 
IV. A techno-economic optimization model of a combined desalination and brine treatment unit for 
freshwater production and brine management was developed. 
7.3 Future Work 
The following areas can still be explored in future research: 
I. Thermo-economic analysis of RES-RO desalination has become a central research focus, but the 
optimization of the thermodynamic parameters such as exergy destruction and specific energy 
consumption has not been extensively explored. It is therefore recommended that in the future, 
more work can be done by applying optimization techniques to the thermodynamic analysis of 
RES-RO desalination systems. 
II. For more extensive optimization and analysis of RES-RO systems, a combined optimization 
approach should be considered, taking into account the sizing, operation and thermodynamic effect 
of the system.  
III. Furthermore, in response to the trend in the application of different metaheuristic optimization 
techniques, attention has shifted away from mathematical techniques. However, for accurate 
results, mathematical techniques are still very promising, especially in view of the availability of 
different computer software solvers. More metaheuristic optimization techniques can still be 
explored; thus far, only very few have been used in this area.  
IV. Moreover, optimization objectives in this area have concentrated more strongly on economic 
performance indicators. In the future, more extensive work should incorporate both an economic 
and a reliability index in the formation of objective functions. In general, there is still much work 
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to be done in this area of optimization of RES-RO systems, especially the exploration of RES such 
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APPENDIX A: SAMPLE OF MODEL’S PROGRAM IN AIMMS 







Page | 145 
II. Decalaration Tree 
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III. Data input of Set T 
 
IV. Data input of parameter for water demand 
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V. Variable ACS formulation 
 
VI. Objective function formulation 
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VII. Power balance constraint formation 
 
VIII. Mathematical program 
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IX. Program statue box 
 
X. Math program inspector 
 
Page | 150 
 
 
 
 
